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Abstract

‘We consider the inviscid unsteady Prandtl system in two dimensions, motivated
by the fact that it should model to leading order separation and singularity forma-
tion for the original viscous system. We give a sharp expression for the maximal
time of existence of regular solutions, showing that singularities only happen at the
boundary or on the set of zero vorticity, and that they correspond to boundary layer
separation. We then exhibit new Lagrangian formulae for backward self-similar
profiles, and study them also with a different approach that was initiated by Elliott—
Smith—Cowley and Cassel-Smith—Walker. One particular profile is at the heart of
the so-called Van-Dommelen and Shen singularity, and we prove its generic ap-
pearance (that is, for an open and dense set of blow-up solutions) for any prescribed
Eulerian outer flow. We comment on the connection between these results and the
full viscous Prandtl system. This paper combines ideas for transport equations,
such as Lagrangian coordinates and incompressibility, and for singularity forma-
tion, such as self-similarity and renormalisation, in a novel manner, and designs a
new way to study singularities for quasilinear transport equations.

1. Introduction

We consider the inviscid Prandtl equations on the upper half-plane # := R x
[0, 00)

Ur +uuy +vuy = —pf
uy +vy =0, (t,x,y) €10, T) x 7,
Uly:() =O, limy%oou(t’xv )’) =ME(t,x),

(1.1)

where pf and u? are the trace of the Eulerian pressure and tangential flow at the
boundary R x {0} induced by the Eulerian flow at infinity. The functions p and
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uf are prescribed, and then act as forcing terms for u. They are linked through
Bernoulli’s equation

ulb ubuf = —pk, (1.2)

whose solutions have to be global in two dimensions.

1.1. Historic Background

1.1.1. Boundary Layer Separation and Singularities Prandtl’s system comes
from the vanishing viscosity limit of the Navier—Stokes equations with Dirichlet
boundary condition. It describes the formation of a boundary layer, where the
solution does a sharp transition from the vanishing at the boundary of an obstacle,
induced by the Dirichlet condition, to a solution of the Euler system away from its
boundary.

Prandtl describes in [29] the phenomenon of boundary layer separation, when
“a fluid layer, set rotating as a result of friction at the wall, moves out into the
free stream” (this English translation being taken from [1]). For the steady Prandtl
system, separation happens at the boundary with the condition of vanishing wall
shear stress dyu(xp, 0) = 0. Goldstein [17] finds that at such location the solution is
singular, and as a result so is the displacement thickness (a quantity describing the
influence of the layer on the outer flow), revealing that the layer separates past xg.
We refer to the textbook [33] for details. Dalibard and Masmoudi [9] gave recently
a mathematically rigorous description of the Goldstein singularity.

For the unsteady Prandtl system, Moore, Rott and Sears [27,30,34] realised that

0 u = 0 was not a correct condition for separation, and came up with what is

Y |y=
nog k(:lown as the MRS conditions. These conditions state that if a piece of layer is
separating off the boundary, then there is a point (x(¢), ys(¢)) at the center of this
separating piece of layer, at which the vorticity vanishes dyu(t, x;(t), ys(¢)) = 0,
and whose tangential velocity u(t, x5(¢), ys(¢)) is equal to the tangential velocity
of the whole separating piece of layer. We recall that dyu is the vorticity, when
considering the approximation of the Navier—Stokes equations with the Prandtl
system at high Reynolds number. It was then believed [35] that a criterion for
separation at time Ty was that at such a point the solution u# becomes singular
as t 1t Tp. Van Dommelen and Shen [36,38] showed this equivalence between
separation and singularity formation. We refer to the introduction of [5] for an
historic perspective for criteria for steady and unsteady separation.

It is noted in [36] that the layer becomes inviscid to leading order during sepa-
ration. This justifies our study of the inviscid Prandtl system (1.1). The aim of this
article is to give a rather complete study of (1.1). In particular, we justify in a math-
ematical and rigorous way the aforementioned results: we prove the equivalence
between separation and singularities for (1.1), and describe the generic mechanism
for this phenomenon.

This introduction will now be restricted to unsteady problems.
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1.1.2. Existence and Regularity of Solutions The first rigorous mathematical
justification of the unsteady Prandtl system is due to Oleinik [28]; she proves the
local wellposedness by imposing a monotonicity in y condition on the tangential
velocity u in order to use the Crocco transform. Xin and Zhang [39] obtain global
existence of weak solutions by imposing monotonicity and an extra condition on
the pressure. The monotonicity condition allows Masmoudi and Wong in [26], and
Alexandre, Wang, Xu and Yang in [2] to prove wellposedness in Sobolev regularity.
Without the monotocity condition, the equation can be ill-posed in Sobolev regu-
larity [16]. Indeed, the authors in [18,20] constructed instabilities that can prevent
the Prandtl system to be a good approximation of the Navier—Stokes system in the
vanishing viscosity limit. We refer to [15,25,31] and the references therein for fur-
ther informations. Otherwise, in the general case the system is locally well-posed
in the analytical setting [11,22,24,32].

To the best of our knowledge, the only local existence with general smooth
initial data for the inviscid Prandlt system (1.1) is due to Hong and Hunter, in
[21] (see also [3,19]). They find a lower bound for the maximal time of existence
which corresponds to that of the Burger’s equation 7 = (— infg d,up)~ ! in the
case of a trivial outer Eulerian flow (1.12). We find in this current paper that the
sharp maximal existence time for the homogeneous inviscid Prandtl system (1.12)
is T = —(inf(3,uy=0)u{y=0} 9,ug)~! which is larger. We prove that this time is
sharp which clarifies why the aforementioned monotonicity condition is important
to guarantee global wellposedeness for the inviscid Prandtl system. We obtain more
generally a sharp maximal time of existence in the case of nontrivial Eulerian flows.

1.1.3. Description of Singularities The first reliable numerical result on the
unsteady Prandtl system explaining how the separation is linked to the formation
of singularity was obtained by Van Dommelen and Shen [36]. They characterise
the singularity as a result of particles being squashed in the streamwise direction,
with a compensating expansion in the normal direction of the boundary. We refer to
[10,14] for recent numerical simulations and references therein for previous ones.
The first rigorous result on singularity formation for the unsteady Prandtl system
is due to E and Enquist [12] (see [23] for nontrivial outer flows). They consider the
trace of the tangential derivative of odd solutions in x along the transversal axis
&(t,y) = —u,(t, 0, y), which obeys the following equation for y € [0, 00):

{gl _Eyy - €2 + (fg S) Sy = Pfx(l, 0),
E(t,0) =0, £0,y) = &), limyo&(t,y)=—ul(,0).

They also prove singularity formation for (1.3). In [6] we give a precise description
of the singular dynamics of the equation above, where we find a stable profile (and
instable ones) and prove that the blowup point is ejected to infinity in the transversal
direction because of the incompressibility condition. This result can be interpreted
as a partial stability result for one of the profiles studied in the present paper, see
Remark 1.6.

It is interesting to understand singularities for simplified models. In a first part
of [7], we treat the inviscid Burgers equation u; +uu, = 0 and prove that the Taylor
expansion of the initial data around the blowup point will decide which profile and

(1.3)
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scaling law the flow will select to form the singularity. The solution will be of the
form u(t, x) = (T — t)V/@OW; (x /(T — 1)!+1/CD) where (¥;);> are the profile,
and the Taylor expansion selects the integer i. We prove that the generic profile

1 3 1 3
X 1 x2\2\ X 1 x2\2\
U (X) := ——+<—+—) + ———<—+—) , (1.4)

27 4 2 27 4

appears generically during blow-up. Surprisingly, the above profile is also going to
play a role in the generic separation phenomenon for the Prandlt’s system.

In order to understand the effect of the transversal viscosity on the horizontal
transport we consider in the second part of [7] a two dimensional Burgers system

w—tyy +uuy =0 (t,x,y) €[0,T) x R% (1.5)

We found infinitely many different profiles, one being stable under suitable pertur-
bations. We find that despite the infinite speed of propagation induced by the trans-
verse viscosity, the Taylor expansion of the initial datum around the blowup point
will still decide the profile and the scaling law. We prove that the vertical viscosity
affects the shock formation of Burgers equation, in the sense that the solutions are
now anisotropic and of the form u(x, y, t) ~ AVI+20 (¢t y)W; (x /A (¢, y)) where
W; is a profile of the Burger’s equation and A — 0 depends on the solutions of a
parabolic system similar to (1.3) without the nonlocal term.

Inspired by [4,8,13,36,37] where it is suggested based on numerics and for-
mal calculations that the viscosity is asymptotically negligible during singularity
formation for the unsteady Prandtl system, we treat in this paper the singularity for-
mation for the inviscid problem (1.1). In a forthcoming paper we treat the viscous
case.

1.2. Results

1.2.1. A Sharp Existence Result and Equivalence Between Separation and Sin-
gularity We give here a sharp local well-posedness result for (1.1), relying on the
Lagrangian approach initiated in [21,36]. As a by-product, we prove that the layer
separates if and only if the solution becomes singular, establishing rigorously this
standard criterion for separation in the physics literature (see for example [35]).

We denote by (X, Y) the Lagrangian variables and (x, y) the Eulerian ones for
equation (1.1). The position at time ¢ of a particle with initial position (X, Y) and
that is transported by the flow, is denoted by (x (¢, X, Y), y(¢, X, Y)). Using dots
for differentiation with time ¢, these are related by the characteristics ODE

X=u(t, x,y), y=v(x,y, (x0),y0)=(X7Y). (1.6)

Our definition of separation, meaning that the layer penetrates the outer flow (fol-
lowing Prandtl as cited in Subsubsection 1.1.1), is

Definition 1.1. Given Ty > 0, uf, pf € C'([0, Ty) x R) solving (1.2) and u €
CL([0, Ty) x %) solving (1.1), we say that there is boundary layer separation at
time 7 if there exists a solution (x (), y(¢)) of (1.6) such that lim;,7, y(t) = co.
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From (1.1), along the characteristics u solves the ODE 1 = — pf (¢, x). There-
fore, the tangential position x of the particle can be retrieved without any knowledge
about the normal one y, by solving the following ODE for each triple (X, Y, uo (X, Y)):

X=u,
{L-t = —pE(t. ), (x(0), u(0)) = (X, uo(X, Y)). (.7

The above equation is that of one dimensional particle moving in a force field
— pf. The corresponding change of variables (X, Y) +— (X, u) is called the Crocco
transform and has been used extensively in the study of the Prandtl system. One
key fact about (1.1) is that the vorticity u, is preserved along the characteristics,
as differentiating (1.1) with respect to y yields uy, + uuy, + vuy, = 0 because
pE does not depend on y, and using incompressibility. Hence the set {u y = 0}
is transported by the characteristics. The boundary {y = 0} is also preserved as
vjy=0 = 0. Hence for any (x, y) either in the set {u, = 0} or at the boundary
{y = 0}, one has v,u, = 0, so that differentiating (1.1) with respect to x yields
Uyt + Ullyy + Vltyy = —(uy)? — pfx. It follows from this equation and (1.7)
that the transport along the tangential variable and the tangential compression u,
when restricted to these two sets, are given by the previous ODE completed by an
inhomogeneous Riccati equation as follows

X =u,
iw=—pE), (x,u, ux)(0) = (X, ug(X, Y), uox (X, Y)).
ity = —(uy)* — pE.(x),

(1.8)

Given a global in time pressure field pE e Cck ([0, 00) x R) with k = 2, the solution
to the above system might not exist for all time due to the nonlinearity in the last
equation, and we denote by 7' (X, Y) the corresponding maximal time of existence.
We will distinguish later on between singularities happening at the boundary or
away from it, and define, to this end

T :=min(T,, Tp), T, :=min{T(X,Y), dyuo(X,Y) =0, Y > 0},
T, :=min{T(X,Y), Y =0} (1.9)

The time T defined above is a natural upper bound for the maximal existence of a
solution to (1.1) with u, € L. In fact, this time is sharp. We introduce the spaces

LS, (10, 00) x R)
- {f, 1f 1250 10.11xRy < 00 and Hm £l oo 10,1 (x| 2my = O forall £ > 0},

F = {(uE, pE) € €X(10, 00) x R) solving (1.2), with uf, pE) € L2, (10, 00) x R)} ,
(1.10)
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for the outer flow, and the following spaces for the initial datum (depending on
E
u*(0)):

LE@) = { £, 1l < ooand Tim 1/l zmxio.cen =0}
gk = {uo e CK(F) with dyug € L®(I), dyuo € L ()

. E
and )ll)ngo lluo (-, ¥) — u”= (0, -)||C1({|x|§m}), for all m > 0}. (1.11)

Theorem 1. For any (uf, pf) € F2 and ug € 82, there exists a unique so-
Iution u € CH[0,T) x %) of (1.1) Mihere T is defined by (1.9). This satisfies
sup, o f]||Vu(t)||Loo(7g) < ooforany T < T.IfT is finite, then

lim |Ju, () || f00 = 00,
im llx ()1l Loo ()

and if, moreover, T = T, then there is boundary layer separation at time T in the
sense of Definition 1.1. If in addition ugy € C*(¥) and (u®, pf) e C*([0, 00) xR)
for some k = 3, thenu € CK=1([0, T) x H). The mapping which to uq assigns the
solution u is strongly continuous from C* (%) N€? into C*=1([0, T'] x ¥) for any
T' <T.

Remark 1.2. Boundedness of the gradient in (1.10) and (1.11) is the natural re-
quirement for classical solutions. The decay as |x| — oo facilitates the study of
singularities, forcing them to appear at a finite location in x, and not at infinity in
x. We use the word singularity as it is usual, but it can be misleading: the solution
might remain smooth at time 7. Indeed, the points where u, becomes large can be
sent to infinity in the normal direction as the study below shows. Also, from Theo-
rem 1 and the ODE (1.8), one easily derives the following criteria for global-well
posedness or finite time blow-up:

o In the case of normal monotonicity uy > 0 or uy, < 0, the solution is global if
and only if the solution to the Burgers equation at the boundary

E
OU|y=0 + U|y=00xU|y=0 = — Py

is global.
e The solution is global in the case of tangential growth ugx = 0 on both the set
of zero vorticity {ugy = 0} and the boundary {y = 0}, and of concave pressure

E < 0

Prx =Y.

o The maximal time of existence is 7' = (— miny,,,=0ju{y=0} uoy )~ ! in the pres-
sureless case p£ = 0 (with the convention 7 = oo if the min is nonnegative).

Remark 1.3. For a singularity away from the wall, 7, < Tp, let (Xg, Yp) be the
point attaining the minimum in the definition of 7. Then the time dependent posi-
tion (x(z), y(¢)) in Definition 1.1 can be chosen as the characteristics starting ini-
tially at (Xg, Yp). One thus recovers a standard criterion for separation in the physics
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literature: the MRS conditions of Subsubsection 1.1.1 at this point (x(¢), y(¢)) sup-
plemented by the appearance of a Burgers type compression at this point (this
supplementary condition was found by Van Dommelen and Shen [36]).!

1.2.2. The Generic Self-Similar Singular Solution Considering the nonlinearity
in the ODE (1.8), Theorem 1 and a standard convexity argument shows that given
any prescribed Eulerian flow u and pf, there exist initial data uo such that the
corresponding solution becomes singular in finite time. Theorem 1 also indicates
where singularities of (1.1) form: either at the boundary {y = 0}, or away from
the boundary on the set of zero vorticity {y > 0, u, = 0}. We now focus on
the description of this phenomenon. Motivated by the full original viscous Prandtl
system, where the Dirichlet boundary condition forces u|y—o = 0, we will only
study what happens when the singularity forms away from the boundary, i.e. 7, <
Ty and T, < oo. The study done in this document could be adapted to the case of
a blow-up at the boundary.

We are interested first in a leading order description of the singularity. Since as
Vu becomes large, the effects of the pressure p% and of the boundary conditions
become of lower order, we start by dropping them and investigate the homogeneous
inviscid Prandtl system

{ u; +uuy +vuy =0,

ety =0, wlyeg =0, (EFVEOD T (L12)

This equation has the following invariances: if « is a solution then so is
tr x—ct
ﬁm(—J ,X>+c (1.13)

for (¢, A, w, v, ¢) € {—1,1} x (0, 00)> x R. Backward self-similar solutions are
special solutions living in the orbit of the initial datum under the action of a one
dimensional scaling subgroup, of the form u(z,x,y) = (T — t)""l(H)(x/(T —
N%, y/(T — t)#). We develop in this paper, in Section 3, a method to find the
admissible exponents « and 8, and an explicit formula for ®. To have a solution to
(1.12) of this form is equivalent to have a solution of the stationary equation

(1—-a)O + (@X + ©)dg® + (BY + 1)dyO =0,
0 ® + dy T =0,

(X, Y) € Q,
(1.14)

subject to the condition limgy oY = 0, on an open set 2 C % (which might be
different than 7, see below). The above equation (1.14) is nonlinear and nonlocal.
Cassel, Smith and Walker [4] (see also [13]) give a change of variables to transform
(1.14) into a nonlinear local equation, see (iii) in Lemma 3.1 here, proving the

! The MRS conditions are satisfied because of Definition 1.1 and because dyuo(Xg, Yo) =
0 from (1.9) so that dyu(z, x(¢), y(¢)) = 0 by conservation of vorticity. There is a Burgers
type compression because dyu(t, x(¢), y(t)) — —oo ast — T since the third equation in
(1.8) becomes singular from the definition of 7.
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existence of solutions to (1.14) but without providing explicit formulas. We find
here a new way to solve (1.14) and show, see (ii) in Lemma 3.1, that (1.14) is
equivalent to the linear and local equation

(0 —1)adeX + (14 B)6osX =aX — «, (w,6) € 2, (1.15)

where X is seen as a function of the variables («, 6) given by a volume preserving
change of variables (X, Y) — (@, 6) with & = —©. A Lagrangian interpretation
of this change of variables is given in Remark 1.5.

We obtain two important explicit solutions of Equation (1.15), with explicit
changes of variables («, ) — (L, Y). Although these changes of variables appear
from a different perspective in [37,38], it seems that the authors did not link them
to solutions of (1.14). Classifying analytic solutions to (3.1), relying on (1.15), is
an interesting open problem. The first solution we obtain, the generic self-similar
profile, corresponds to @ = 3/2, B = —1/4 and is the one related to the so-called
Van-Dommelen and Shen singularity [36]. The terminology “generic” is justified
in the next Subsection. We introduce (I" being the Gamma function)

4 1\4
“= s (5) 1.16

P 973" \4 (1.16)
We describe below the generic profile ®, obtained from an explicit solution X to

(1.15) and an explicit change of variables @ : («, &) = (X, Y) relating (1.15) to
(1.14).

Proposition 1. (Generic self-similar profile) The mapping ® : (o, 6) — (X, Y)
given by

®(a, b)
s .
dé
— a/_i_ﬁz +p*2a/3’ / —
R 7 (p* (a—l—p*%ﬁ + 82 _ﬁz))

)

(1.17)

where W1 and p* are defined by (1.4) and (1.16), satisfies the following properties:

(i) It is an analytic volume preserving diffeomorphism between R? and the subset
of the upper half plane {(X,Y) € #, 0 < Y < 2Y*(X)} where

o0 dé
(@) = — 118
ro /0 143U (p*(X — 62)) (19

The above curve Y* is analytic and satisfies
3
Y@ = LT+ SO+ 0L, aT >0 (119)

YH(XL) = Co|X|76 + O (|9C|—§) as XL — Fo0, (1.20)

}vher;cz 21_)51;52/54)’ and C+ = 271])*’2/3 fg(? + 1)~ 12 dz (see (3.19)
or a formula).
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(ii) The opposite of the first component of its inverse &1 = (<I>fl, CIDEI ),
Q:=—0" (X, Y) > —a, (1.21)

is a self-similar profile, that is, the following is a solution of (1.12) on its
SUppOFt:

u(r,x,y):(T—t)5@< SR 1). (1.22)
(T -0 (T -1+

(iii) It enjoys the symmetry @ (X, Y*(X) +Y) = X, Y*(X) —Y) for |Y| <
Y* (D).

(iv) The set of zero vorticity {©y = 0} is the curve {Y = Y*(X)}, where
(X, Y*
X)) = V1 (p*X)/p*. On this curve, dx® is minimal at (0, 37 /8) with,
as (X, Y) —> 0,

@(%,’%#@/) = —%+(%—°y)2+(p*2+c2)5r3
—a XY + OX* + Y. (1.23)

(v) ® has the following behaviour near the boundary of its domain:

O, Y) =p* Y 2+ 0(1X1Y* + Y2 for0 <Y < Y*(X)
(1.24)

O, 2Y*(X) —Y) = p* Y 2+ O(IX|Y* +Y?) for0 <Y < Y*(X),
(1.25)

and the following behaviour at infinity’: for any € > 0, for 0 < Y <
2 — OY*(X):

O, Y) = T3 @ooYIX 1% + 0 (12175 72+ 1217 % * @) - Y)*)

(1.26)

as X — £oo, where 1 € C*((0,2C1), R) is decreasing on (0, C+), in-
creasing on (C+, 2C+), with i (z) ~ p* 2z 2 and 9+ (2C+—z) ~ p* 2772

asz — 0, and ¢+ (Cy) = Fp*2/3.

Remark 1.4. From the invariances (1.13) of the equation (1.12), ® generates

the full family of generic profiles (© ; v.1) (1. v.0)€(0,00)2 x{—1,1} Where © (X, Y) =

w® X/, Y /vy, in that ut,x,y) = (T — D20, (x/(T — 1)32,
y/(T —1)~1/4) also solves (1.12). The profile ®, , , is obtained from the mapping:

2 The condition Y < (2 — €)Y* ensures both quantities ©(X, Y) and goioo(?/lf)fll/ﬁ)
are defined. Note that on [(2 — €)Y ™, 2U™*) the asymptotics (1.25) prevails.
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q)u,u,t(@,ﬁ)
*2 6 7
Mo P73 dé
RIS T A Ui 7 I e el
via @y, = —P R where we wrote d> 1 (<I>:1Ul 1 CDI:IU . »). There-

fore, changlng the value (l 16) of p* in (1. 17) would have defined another self-
similar profile as well. The choice of p* (1.16) was made to normalise the Taylor
expansion (1.23).

Remark 1.5. The variables («, ¢) in (1.17) should be thought, asymptotically as
t 1 T, as Lagrangian self-similar variables. Indeed, for the self-similar solution
ut,x,y) =1 —0'20x/(1 —1)32,y/( —1)~1/4) of (1.12) with initial datum
up(x,y) = 0(x,y), let (X,Y) — (x,y) be the Lagrangian to Eulerian map
defined in Subsubsection 1.2.1, let (x,y) — (X, %Y%) = (x/(1 — )32, y/(1 —
1)~1/4) be the Eulerian self-similar renormalisation, and let (X, Y) — (w,6) =
o1, Y) be as in (1.17). Compositing these maps, we get a map (X, Y) +—
(w, 6), allowing to interpret what the («, 6) variables represent for the Lagrangian
variables (X, Y). A computation shows that they are related through: (X,Y) =
®((1—1)1"2a, (1 —1)3/46). Thus, for («, 6) = 0(1), a Taylor expansion, using
Proposition 1, produces

(X,Y) = <o, %) Fd=ra-(L,D)+A=0i6-0,1) + 01 —1)).

Asymptotically as ¢ 1 1, the change of variables (X,Y) — («,8) is then a
linear rescaling centred at (0, 37/8), namely, it is asymptotically a self-similar
renormalisation centred at that point.

1.2.3. Generic singularity leading to boundary layer separation The self-
similar profile ® given by Proposition 1 is at the heart of the singularity formation for
the inviscid Prandtl equations, triggering the separation of the boundary layer. In this
paper we show the appearance of this self-similar profile from a generic set (dense,
and open, among data producing singularities) of initial data u(. This shows that
the effects of the outer Eulerian flow (uZ, p£) might alter the position and time of
appearance of the singularity, but not its structure (the profile ® and the self-similar
exponents 3/2 and —1/4), and hence are of lower order. The generic singularity
is a consequence of a tangential generic Burgers-type compression occurring on a
line of zero vorticity, and induces a normal expansion by volume preservation. We
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justify the following picture, which was first derived in [36,38]:

Tty @, y) ~ WPt (1))
Tt y) ~ gy — vt )
——u(t,z,y) ~ u(t)

_alo 1:—;1:'({) y
+(T —1)20,,,, ((Tfm% ) (T,ﬁy%)
—ult,z,y) ~ f(y)

’ L» {y="0} tof)

o o (t)

The idea behind the generic appearance of ® is the following. A shock is
forming at a moving location (x*, y*) in Eulerian variables. This point corre-
sponds in Lagrangian variables to a point (Xg, Yp), at which the characteristics
map (X,Y) — (x,y) becomes critical (i.e., the Jacobian vanishes) at blow-up
time. Generically, the characteristics map will satisfy certain properties at this lo-
cation, see Section 4, ensuring that the following holds true. Around that point, there
exist self-similar Lagrangian variables (a, b) (see (5.2) for a precise definition) such
that for appropriate self-similar Eulerian variables (X, %) the renormalised char-
acteristics map becomes asymptotically time independent as ¢ 1 7', and converges
to P.

Lagrangian (X, Y) characteristics Eulerian (x, y)

renormalised characteristics
— Qast T

Self-similar Lagrangian (a, b) Self-similar Eulerian (X, ¥)

Finding a solution to the transport equation (1.12) is equivalent to finding the
characteristics. Thus, this knowledge of an asymptotic equivalent for the charac-
teristics map, allows one to show the existence of an asymptotic equivalent for u: it
is close to a rescaling of the self-similar profile ®. Said differently, solutions of the
inviscid Prandtl equations become asymptotically self-similar during singularity
formation, because the characteristics become asymptotically self-similar.

The profile ® cannot be an approximation of u away from the singularity; the
support of ® is finite, and there are two singular zones within its support, at infinity in
space in the tangential variable (1.26), and close to the boundary (1.24)—(1.25). One
thus needs else to describe the solution in these two zones, and above the support of
©®. We show that below the separating structure, u reconnects to a regular profile ( f
in the Theorem below and the picture above). Above the singularity, # reconnects
to a less singular profile as well, but that undergoes a strong vertical motion created
by the singularity underneath it (g in the Theorem and picture).



1360 C. CoLLorT, T.-E. GHoUL & N. MASMOUDI

We denote by dclk the standard? Clli)c distance for functions on # that are k
ocC

times continuously differentiable, and equip €¥ with the topology associated to the
distance

degi (0, ) = dx (uo, up) + |V o — up) | L= ae)-
We define Gy;,vyt(&r) =vY*(X /).

Theorem 2. (Generic Separation) Let (p£, uf) € F*. In the subset of €* of initial
data ug such that T < oo and T < Ty, there exists a dense open set for which the
corresponding solution satisfies the following. There exist parameters (i, v, ) €
(0, 00)2 x {—1, 1} and two constants k, C > 0 such that

e Location of the singularity. There exists x* € C 4([0, T1, R), regular up to time
T such that Vu(t) remains bounded in {(x, y, 1), 0 <t < T, |x —x*(t)| = €}
forany e > 0.

e Displacement line. There exists y* € C3([0, T) x R) for which the properties
below hold true, with:

2 x —x*
Vi) =—Y . | ——=
(T —1)s (T —1)2
(I1+ 0 (1= +]x —x*0)])). (1.27)
o Self-similarity. Let n(t, x,y) = ((T — D)+ x —x*@OF + y7F + |y*(¢, x)
— y|_") and let u*(t) = 0;x*(t). For any € > 0, there exists € > 0 such that
for|x —x*| < €andy < (1 —e)y*(t, x):
1 ~
w(t, x,y) =u*@) + (T —1)2 (O, + i) (X, Y),

where X = (T — )32 (x — x*(1)), Y = (T — N)Y*y, and where @i satisfies:

- 1 5 1oy -2
li(t, X, Y)l = C (IfTI3 +I1YI+ ((T — 1)y (t, x) —Cy) >

n(t, x,y) (1.28)
- 4 _1 1 -3
3w (1, XY < € <|°y| + (A1) 7E (T =05y, 0) — Y) )
n(,x,y) (1.29)
1 -3
oy i, X Y)| < € (|°;,/|—3 + (T =08y 0-%) )
n(t,x,y). (1.30)

3 For example, dei (o, up) = YK o3 27 min(I V! (g — up)ll Lo (gg,)» 1) with

Hn ={(x,y) €%, |x| < nand|y| £ n}. Another choice for the covering of compact sets
(H1)n would yield an equivalent distance.
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e Close to the displacement line. Given any K, € > 0, there exists € > 0 such
that for (1 — €)y*(t,x) <y £ y*(t,x) — K and |x — x*| £ ¢,

v?

p*2(y — y*(t, x))?

u(t,x,y) =u*@)+ +0(t, x, ), (1.31)

where, forij(t, x, y) = (T — ) 4+ |x — x*|* + (y* — y) ™ + (Iy* — y|/y")"¥),

Ci(t, x, - Cn(t, x,
o L s —
’ ((T—r)‘f +|x|)6 ly = y*(t, 0|3
C~ ta b
layi| < "’(—xy)g (1.32)
ly — y*(t, x)]

e Reconnections below and above. There exist two functions f € C3([0, o), R)
and g € C3(R, R) depending on ug, u* and pt with

2 2
w? w?
FO)—u* Ty Lo -t~ pen %,
0N uf (T, x*(T)), (1.33)

such that, forany K > 0, as (t,x) — (T, x*(T)),

u(t,x,y) — f(y) uniformly fory < K, (1.34)
u(t,x,y) — gy —y*(t,x))  uniformly for y*(t,x) — K < y.
(1.35)

Let us make the following comments on the results of Theorem 2:

1. The set considered in the above Theorem is nonempty. Indeed, given any outer
Eulerian flow (1%, p%), there exist solutions blowing up outside the boundary, as
negative enough initial data for the third equation in (1.8) will tend to —oo in finite
time. However, the structure for unsteady separation described in this Theorem
is not the only one occurring, and degenerate instable singularities also exist; see
Proposition 2.

2. The estimates for the errorin (1.28), (1.29), (1.30) and (1.32) should be interpreted
as follows. The first term in the right hand side is the typical size of ®, dy © and 9oy ©
respectively. The n (¢, x, y) term then quantifies againas 7T —t < 1, |[x —x*| < 1
and 1 « y <« y*. For example, for (X, Y) in a compact set K in the support
of © nu.i» these estimates imply ||ic1 gy = OUT — HE®Y) — 0. We have to
distinguish between below the displacement line and near it as in this latter region
the solution is close to a displaced version of ®. The identities (1.31) and (1.32)
indeed show the solution is close to the asymptotic expansion (1.24) of ® near the
top part of its support, but with y* replacing 2% *. From the asymptotic behaviour
of ® in Proposition 1, u is of lower order compared to ® precisely in a size one zone
in x around x*, and up to a size one distance to the boundary and the displacement
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curve. These estimates are then sharp since they precisely fail when the solution
reconnect to another nonsingular behaviour.

3. Note that the asymptotic behaviour of ® and that of the reconnection functions
f and g, in (1.34) and (1.35) respectively, are compatible from Proposition (1.24)—
(1.25).

4. This convergence result also holds for higher order derivatives, which is a direct
consequence of the proof of the Theorem. In particular the weighted estimates adapt
naturally.

1.2.4. A Self-Similar Profile with Symmetry Other degenerate singular be-
haviours are also possible. The degeneracy can come from two distinct aspects: at
the singular point, the set of zero vorticity can locally not be a line (for example
the intersection of two lines), and the tangential compression can be induced by a
degenerate shock formation for Burgers. There exist a large range of self-similar
profiles corresponding to these (infinitely many) degenerate cases. Their properties
can also be studied with the same strategy used in the proof of Proposition 1, and
their stability similarly as in Theorem 2. As a particular interesting example, we
study in this paper one of the least degenerate cases, corresponding to a Burgers
generic shock happening at the crossing of two lines of zero vorticity. A particular
self-similar profile corresponding to this case enjoys remarkable properties: it is
odd in x, admits an analytic expansion beyond its support, and explicit formulas can
be obtained on the vertical axis. In a forthcoming paper we shall show its stability
for the full Prandtl system. The prime ’ notation below is not a differential, it is
simply to distinguish from Proposition 1.

Proposition 2. (Degenerate symmetric profile) The mapping ® : (w, 6) — (X, Y)
defined by

where W1 is defined by (1.4), satisfies the following properties:

(i) It is an analytic volume preserving diffeomorphism between R? and the subset
of the upper half plane {0 < Y < 2Y *(X)}, where

, o0 dé
Y*X) = f (1.37)

oo (1 +gz) <1+3‘1’12 <W))



Singularities and unsteady separation for the inviscid 1363

is an analytic curve with asymptotic expansion (with B the Euler integral of the
first kind)

, 15
* _ - 2 4
YA = - oml+ 0@,
7 B(l l) 1
) = —O20 173 4 030x|7H. 1.38
YO = AT 0T (1.38)

(ii) The opposite of the first component of its inverse, extended by O on the upper
half-space,

, e Yy =a  if 0 <Y <2Y*@),
o= {0 Y =0or 2y @<y, )

is a self-similar profile. Namely, the following is a solution of (1.12):

L X y
ut,x,y) =T —1)20 > - (1.40)
(T-02 (T—1":2
(iii) it holds that ®' € CY(H). Moreover, @', restricted to the set {0 < Y <
2Y"*(X)} is analytic, including at the boundaries {Y = 0} U{Y = 2% ™*(X)}
The following extension “:
O'(X,Y) := O (X, Y mod 2% *(X)) (1.41)

is analytic on the whole upper half space, and is also a self-similar profile, in
the sense thatu(t, x,y) = (T —t)l/z@/(x/(T —t)%, y/(T —t)_%) is a solution
of (1.12).

(iv) © is odd in X, and satisfies ©' (X, Y *(X) +Y) = (X, Y *(X) — Y) for
all |Y| < c},//"‘(%). ®' is positive on the set {X <0, 0 < Y < Zy/*(%)} and
negative on {X >0, 0 < Y < 2@/*(%)}.

(v) The set S = {9y ®" = 0} is equal to S1 U Sy where S| = {X =0} U{¥Y =
Y"*(X)} on which ©' (X, Y*(X)) = W1(X), and S, = (Y = 0} U (Y =
22,/’*(%)}. The minimum of 95 ®’ on the set S is attained at (0, w) where one
has the expansion

2
O, m+Y) =-X+%+ TE+ 03X + 1% 111

as (X,%Y) — (0,0). (1.42)

(vi) The trace of the first order tangential derivative on the vertical axis is given

by:

3¢ ©'(0, Y) = — sin? (%) Ly<qy<an- (1.43)

4 Where forz > 0andz’ > 0, we write z = kz’ + zmod 7,k € N, 0 < zmod 7/ < 7.
At each fixed X, this is a periodic extension along Y with period 22/*(%).
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(vii) The trace of the third order derivative on the vertical axis is given by:
93.9/(0,Y)
1 96 sin® <%>

686sin(Y)

—sin(Y) | 270Y — 80sin(¥Y) + 3sinQRY) - ————
3 cos? (%) + %

Lo<y<on-

The above function is positive on (0, 21). It admits the expansions as Y — 0:
3300, Y) = Y3+ 0Y'"), 850'(0,21—Y) = Y +0Y?), ¢, > 0.

Remark 1.6. e Note the difference in the scaling exponents when comparing
(1.40) with the generic profile (1.22). The above degenerate profile yields a
slower expansion along the normal direction.

e In [6], we show that there is a stable blow-up pattern for equation 1.3, for which
solutions converge to (T — 1)~" sin® (y/(W2(T — 1)""/%)) Lo< < yom(r—py-1/2-
This partially shows that the profile of Proposition 2 is the stable attractor for
solutions that are odd in x when the singularity is located on the transversal
axis.

1.3. Ideas of the Proofs and Organisation of the Paper

The proof of the local well-posedness result in Theorem 1 for regular initial data
relies on a careful study of the characteristics (1.6) and of the ODEs for tangential
displacement (1.7) underlying them, which then permits to retrieve the normal
displacement by volume preservation (Lemma A.1). The sharp expression we find
for the maximal time of existence is a consequence of two volume preserving
dynamics: that of the characteristics map from Lagrangian to Eulerian variables,
and that of the ODE for tangential displacement (1.7) in the (x, u) phase space.

In the study of the self-similar profiles, the transformation of (1.14) into (1.15)
uses a modified Crocco transform relying on the fact that the vector field in (1.14)
has constant divergence. The solutions (1.17) and (1.36) are found by solving (1.15),
and all the properties of the profiles can be obtained from computations on these
explicit formulas.

To obtain the generic appearance of the generic self-similar profile during sep-
aration/singularity formation, we first define (Definition 4.1) a condition for the
characteristics at their first critical point at time 7. This condition is stable under
perturbations, by standard ODE stability arguments. Using a control argument, we
moreover show an initial datum u¢ leading to blow-up can always be perturbed to
ensure this condition is met at time 7. Roughly speaking, this means that the map
uog — u(T) is invertible, which relies on the fact that (1.7) is volume preserving in
the (x, u) phase space. We then reconstruct the solution around the point at which



Singularities and unsteady separation for the inviscid 1365

the shock is forming using the characteristics map. We prove this map, since sat-
isfying the aforementioned condition, after suitable self-similar renormalisations
both in Lagrangian and Eulerian variables, converge to ® defined by (1.17). We
invert the characteristics, by a uniform application of the local inversion Theorem
for (x, y) € [x*—¢€, x*+€] x [0, 00), and show it is close to @~ in the self-similar
zone. This part is lengthy and technical since, as the characteristics map becomes
degenerate and has distinct asymptotic behaviours in various zones, each requiring
a specific treatment, and since we track precisely all error terms to obtain an opti-
mal picture (in an Eulerian zone of optimal O(1) x [0, 0o) size). The solution u is
then retrieved from the characteristics, and explicit computations end the proof of
Theorem 2.

The paper is Section 2 is devoted to the proof of Theorem 1, showing local
existence of solutions and computing the maximal time of existence. Self-similar
profiles are studied in Section 3. Subsection 3.1 transforms the self-similar profile
equation (1.14) into the linear and local equation (1.15). The generic profile is
studied in Subsection 3.2 where Proposition 1 is proved, the degenerate one in
Subsection 3.3 where Proposition 2 is proved. The rest of the article is devoted to the
proof of Theorem 2. The Definition 4.1 of generic singularity for the characteristics
is given in Subsection 4 where it is proved to hold generically. Section 5 then
establishes the conclusions of Theorem 2 for solutions satisfying this condition.
Appendix A shows how to retrieve one component of a 2-d volume preserving map
from the other, and Appendix B contains computations for the characteristics used
in the proof of Theorem 2.

Notations

We write x < y if there exists a constant C > 0 independent of the context
such that x £ Cy. We write x ~ y if x < y and y < x. We use Lagrangian
variables (X, Y) and Eulerian variables (x, y). As they are equal at the initial time,
we might use one notation or the other in several places, but in this context only.
We use the notations 9, /9, or the subscript -, to indicate partial differentiation.
In some contexts, we write % y to indicate partial differentiation with respect to x
with the variable y being kept fixed.

2. Local Well-Posedness and Time of Existence

This section is devoted to the proof of Theorem 1. We establish here local-
existence of solutions to the inviscid Prandtl system (1.1), prove that T given by
(1.9) is the maximal time of existence, and that separation occurs if T is finite.

Proof of Theorem 1. The proof relies on the special structure of the characteristics
and uses the Crocco transformation. The existence follows from their nondegener-
acy until time 7, while the regularity follows from standard regularity theory for
level sets of functions. We denote by V = (dyx, dy) the nabla operator in Lagrangian
variables.
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Step 1 Existence. We aim at establishing the existence and a formula for the char-
acteristics, @[t] : (X, Y) — (x,y) with ¢ = (@1, ¢2). We first solve, for the
tangential displacement,

x(t, X,Y) =¢1[t1(X,Y), 2.1)

where x above is the solution of (1.7). Notice that (1.7) can always be solved
globally in time, so that x (¢, X, Y) is well-defined for all (¢, X, Y) € Ry x #. We
next study the level sets x = Cte in Lagrangian variables. Let us show first that
they are non-degenerate, in that Vx # 0.

In the first case, we assume that (Xg, Yp) is such that ugy (Xo, Yo) # 0. We

then claim that Vx(¢, X, Yp) # 0 for any ¢ > 0, as obtained from the following
diagram that we explain below.

(X, Y)

diffeomorphism
diffeomorphism

(X, up(X,Y)) (x(t, X, Y),u(t, X,Y))

volume
preserving
Indeed, the Crocco transformation (X, Y) — (X, ug(X, Y)) isin this case a well de-
fined local diffeomorphism near (X, Yp). The vector field (x, u) — (u, — pf (¢, x))
in the ODE (1.7) is divergence free in the (x, u) phase space. Hence, the mapping
(x,u) — (x(t),u(t)) is volume preserving in the (x, u) phase space, hence a
diffeomorphism. By composition, (X, Y) — (x(, X,Y), u(t, X,Y)) is a local
diffeomorphism near (Xo, Yo) implying that Vx (¢, Xo, Yp) # 0.

In the second case, we assume that ugy (Xo, Yo) = 0 or Yo = 0. The couple
(x, u) solves (1.7), so that, in particular,

3 (dxx) = dxu, implying 3, (dxx) = dx(—pE (1, x)) = —(xx)pE (1, x).

This shows that at each fixed (X, Y), as long as dxx does not vanish,

d [ 90xx qoxx\> d,0xx
— =——) — £, x), 0) = dxuop.
dr ( dxx ) ( dxx ) Pt x), =72 (0) = dxuo

At the point (X, Yp), the quantity d,dxx/dxx is precisely the third component of
the ODE system (1.8). Because of the definition of 7' (1.9), the solution to the above
differential equation is well defined for# < 7. Hence 9;log(dxx) is well-defined for
t < T, implying dxx (¢, Xo, Yo) > O after integration. Hence, Vx (¢, X, Yo) # 0
fort < T in this second case as well.

We just showed that Vx # 0 everywhere on Ry x R, as long as ¢ < T.
Hence, in Lagrangian variables, the level sets x = Cte are non-degenerate. At
the boundary, as showed in the second case above: dxxjy—o # 0. Therefore, the
upper half plane is foliated by curves corresponding to the level sets I'[#, x] =
{(X, Y) such that x(r, X, Y) = x}. Since ug, u®, pXE are C2, solving the ODE (1.7)
produces a solution map that is also of class C?, and x(t,X,Y)isa C? function.
Hence the curves I'[#, x] are C%. We then define an arclength parametrisation s for
each of these curves, I'[z, x] = {y[f, x]1(s), s = 0} where s = 0 corresponds to the
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point at the boundary ¥ = 0. Denoting by X? > x£ the Lagrangian to Eulerian
map of the Bernouilli equation (1.2) (with € = u®(r, x£) and x£ (0, X£) = XF)
then there holds y [z, x](s) — XE (@, x) as s — oo.

We now apply (i) in Lemma A.1. Since x = ¢1[¢] is non-degenerate in that
V1lt] # 0, and that y is an arclength parametrisation its level curves, then the
second component of the characteristics y = ¢»[¢] is such that ¢o[¢] = O at the
boundary and ¢[t] = (¢1[¢], ¢2[¢]) is volume preserving if and only if

ds
(y[t, xIGNI
Note that before T, the denominator in the above integral is uniformly away from
0. The function y above is of class C! because y, s and V¢, are. The mapping
(t, X,Y)— (t,x,y)isthusa c! diffeomorphism from [0, 7') x # onto itself. We

finally define the solution as u(¢, x, y) = u(¢, X, Y) where the right hand side is
the solution to (1.7) (abusing notations). Clearly,

s[LX1(X,Y)
, X, Y) = X,Y)= 22
y( ) =¢2[t1(X, Y) fo Vol (2.2)

ax
— =uog(X,Y)=u(t, x,y).
at |x,Y
Since the mapping (X, Y) > (x, y) is C! and preserves the measure, 8x%—’l‘|X’Y +
P . .
8ya_¥\x,y =0, yielding
P y
RO —/ dut, x, 5)d5.
at |x,y 0
Since d:u(t, x(t), y(t)) = —pf (x(#)) and u is C!, one deduces that u solves the
inviscid Prandtl equations. Note that the matching condition at infinity in (1.1) are

indeed satisfied for the following reason. Initially as y — 0o, ug — ug .uf solves

the Bernouilli equation (1.2) that has a global solution, and whose characteristics
correspond to the tangential displacement (1.7) of the characteristics for u. This
gives the desired compatibility.

Step 2 Regularity. Assume ug € CX. The formula (2.1) for x (¢, X, Y) defines a C¥
function since x is obtained as the solution of the ODE (1.7) witha C k vector field.
In the formula (2.2), V¢q[t] is C k=1 and s and y come from the parametrisation
of the level sets of a C* function, hence are also CX. Therefore, u is of class C¥1,
The continuity of the flow follows from similar arguments.

Step 3 Uniqueness. If u is a C? solution then uniqueness is straightforward as the
characteristics are well defined and have to produce the diffeomorphism constructed
above from the uniqueness property (i) in Lemma A.1. In the case where u € C!
only, let us detail how the normal component of the characteristics and the volume
preservation can be obtained. Define the characteristics (x(¢), y(#)) through

ox Ay y(®)
% e utxy), 2 =x, 2= —/ uet.x.y), y(0) =Y.
at at 0

One can indeed solve the second equation because the function foy ux(t,x,y)is

C! in the third variable. One obtains characteristics (x, y) such that x is C Uin



1368 C. CoLLorT, T.-E. GHoUL & N. MASMOUDI

(X,Y) and y is only C! in ¢ and continuous in the other variables. u then solves
uw=— pf (x) along the characteristics, implying that x is given by the formula
(2.1). Moreover, since x is a C! function, and y isa C! function in ¢, with 3, y being
C!in y, such that 9y (3;y(t)) = —0x(9;(x(2))), an approximation argument using
aregularisation procedure gives that the characteristics must preserve volume. The
mapping (X, Y) — (x, y) is then a bijection preserving volume with x € C! and
y continuous, which can be showed to be necessarily of the form described in Step
1.

Step 4 Blow-up and separation. Assume that T < oco. Then by definition of T
one solution to the ODEs (1.8) must blow up at time 7', which is only possible
if uy > —ooast — T.If moreover T = T,, then from Step 1, there exists a
point (Xo, Yo) € # with Yy > 0, such that Vx(¢, Xo,Yp) — Oast 1 T. Set
(xs(2), ys (1)) = (x(¢, X0, Y0), y(t, X0, Yp)). Then x; is a regular up to 7 solution
to (1.7) and has a finite limit xo as + 1 7, and lim;y7y; = oo from (2.2) and
the vanishing of Vx. Hence there is boundary layer separation in the sense of
Definition 1.1. O

3. Construction of Self-Similar Profiles

3.1. The Equation for Self-Similar Profiles

We study self-similar profiles ® such that u(t, x, y) = (T — )* '@ (x /(T —
0%, y/(T —1)P), for some o, B € R, solves (1.12). Dropping the boundary condi-
tion for the normal velocity, this amounts to solving the stationary equation

3.1)

(1 —)® + (@X + ©)dg® + (BY + Y)dy© =0,
3 © + dy T = 0.

A first method, due to Cassel, Smith and Walker [4] (see also [13]) transforms
the nonlinear nonlocal equation (3.1) into a nonlinear local equation (3.3). It relies
on the Crocco change of variables (X, Y) — (X, ®). We find a new change
of variables that transforms (3.1) into the linear and local equation (3.2). This
change of variable can be thought of as a volume preserving Crocco transform, and
the variables («, 6) should be thought of as Lagrangian self-similar variables as
explained in Remark 1.5. We include the proof of (iii) for the sake of completeness.

We use statement (ii) to find explicit solutions to (3.1). While (iii) is not useful to
solve (3.1) explicitly, the knowledge of the solution to (3.3), i.e. dy ® as a function
of X and ®, is useful for certain computations. We mention that the classification
of analytic solutions to (3.1), relying on (3.2), is an interesting open problem.

Lemma3.l.Leta,f € R, o # 1, Q C # open, ©® € C3(Q), « = —O and
assume © # 0 on Q2. Then the following statements are equivalent:

(i) There exists Y € CY(Q) such that (®, Y) solves (3.1). One has VO # 0 on Q
and for each q in the range of © the level set 'y = {(X,Y) € Q, O(X,Y) =
q} is diffeomorphic to R.
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(ii) There exists 6 € C2(Q) such that the mapping (X, Y) — (w, 6) is a volume
preserving diffeomorphism between Q and an open set Q' C R?, and, writing
X (w, b) as a function on , it satisfies

(@ = 1DadeX + 1+ B =aX — . (3.2)

One has that for every o € R, the set {6 € R, (w,6) € Q'} is either an
interval or empty.

If, moreover; 3y ® # 0 on 2 these statements are equivalent to the following one:

(iii) The change of variables (X, Y) — (X, ®) maps Q onto an open set Q.
Writing T(X, ®) as a function on Q”, that satisfies

3 9
(@ — l)®%|%t+(a§[+®)ﬁ‘®r =(a—1-p)r. (3.3)

One has that for every q in the range of ©, the set {X € R, (X,q) € Q"}is
an interval.

Remark 3.2. The hypothesis ® # 0 is not necessary. The implications between
(i), (ii), (iii) would hold, provided additional regularity assumptions near the set
{® = 0}, see the proof.

The hypothesis VO # 0 is necessary for (ii). For a solution to (3.1), there
should be a different change of variables (X, Y) +— (w<g, 6g) for each connected
component 6 of the set {V® # 0}. For example, for ©' defined by (1.41), for each
component 6, = {2(n — l)cy/*(%) <Y < 2n‘y/* (%)}, a change of variables for
(ii) is given by (X, Y) — (wsg,. bg,) With (asg,, bg,) = dD/_l(%, Y —2(n —
DY (X)), where @' is given by (1.36).

The assumption dy ® # 0 is necessary for (iii). For a solution to (3.1), there
should be a different change of variables (X, Y) — (X, ®) for each connected
component € of the set {dy ® # 0}. For © given by (1), there is a different change
of variables on {0 < Y < Y*(A)} and {0 < Y < Y*(X)}, yielding different
solutions to (3.3), see Lemma 3.3.

Proof. Step 1 (i) implies (ii). Assume (i) and let V = (aX + ®)dy + (BY + T)dy
and write V. f = (aX + @)y f + (BY + V)dy f to denote the differentiation
along v on 2. Then, the second equation in (3.1) implies, with Vg 4. denoting the
divergence in (X, %) variables, that

Va,y.V=a+p. 3.4

Assume first that  is connected. As © is C3 with VO # 0, and given the hypothesis
on its level sets, we use one of the formulas provided by Lemma A.1 and get
the existence of 6 € C2(S2) such that the mapping ¢ : (X, Y) — (a,6)isa
C? volume preserving diffeomorphism onto some open set ' C R2. Let V' =
g(w,6)d, + h(w,t)ds denote the push forward of v from  to €', that is, the
vector field such that for any f € C'(Q'),V'.f = V.(f o ¢).
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Since ¢ is C? and v is C!, one has that V' is C!, that is, g and h are C!. The
first equation in (3.1) gives v.® = (a — 1)®, so that V'.«. = (@ — 1)-w, and we get

gla,6) =(a—Da, (3.5)

so g is in fact smooth. As ¢ is C? and preserves volume, we get conservation of
divergence so that: Vg, 4.V = Vo 9.V = a + B where we used (3.4). This gives,
using (3.5),

dh =1+ 8. (3.6)

Consequently, there exists ¢ () aC ! functionsuchthati(w, 6) = (1+8)6+¢(w).
We change variables and set 6(w,6) = 6 + &(w) for & a C! function to be
determined. Let us denote by v the pushforward of V' by (., &) > («, ), so that

d ~ a

Vi=(@=1ae— +((A+p)b+(@—1)at (a)—1+pE(e)+p(w)—

Ao |6 36 o
Since @ # 0 on ' because ® # 0 on €, since ¢ is C! and a # 1, there
exists £ a C2 solution of (o — Da&' (@) — (1 + B)E(w) + ¢(w) = 0, producing
V" = (a—1)ads +(1+p)69;. Note that the change of variables («, 6) > («, 6)
is C! and volume preserving. Therefore, up to relabelling 6 as 6, we can always
choose & such that

h(a,6) = (1+ B)6. 3.7)

Hence V' = (@ — 1)ad, + (1 + B)604 by (3.5) and (3.7). Since v.X = aX + B,
we get that V. = aX — <, which is shows (3.2). Due to the assumptions on the
level sets of ©, for each «, the set {6 € R, («,6) € Q'} is either an interval or
empty. Hence (ii) is established.

In case €2 is not connected, we partition it into connected components Q2 =
U,$2,, and denote by 6, € C 1(,) the function we just obtained and ), =
(@, 6,)(82,). From the properties of the level sets of ®, as & = —0, Q, NQ, = ¢
whenever n % n’. Hence, the function 6:(X, Y) = ), 8, %)eq,62(X, Y) and
Q' = U, Q) give (ii) in that case.

Step 2 (ii) implies (i). Assume (ii) and let V' = (o — 1)@ d, + (1 + B)6:3g. Let
the pullback of the vector field v = i (X, Y)dy + j(X, Y)dy by the mapping
X, Y) — (a,6)beV. Then:

i(X,Y) =aX + 0. (3.8)

because of (3.2). Exploiting as in Step 1 the preservation of divergence by the
mapping (@, 6) — (X, Y), we get that j is C! with dyci + 0y j = a+ B. Injecting
(3.8) yields 0y j = B—0y ©. Hencethereexists T € C O continuously differentiable
with respect to Y such that

J&,Y) =BY + (X, Y), with xO+dyY =0. (3.9)

The definition of V' gives V'.&. = (a — 1), which, combined with ¢ = —©, (3.8)
and (3.9) shows that (3.1) is satisfied. As (X, Y) — («, 6) preserves volume and
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« = —0, we get Vo # 0 on Q. For g in the range of ©, the identity {(X, ¥) €
Q, X, Y) = q} = (X, Y {(g,8) € 2}), and the fact that {(¢,8) € Q'}
is a non-empty interval, imply that this set is diffeomorphic to R. Hence (i) is
established.

Step 3 (ii) implies (iii). Assume (ii) and that d3® # 0 on Q. The mapping
&, Y) = (a,6)is a C! volume preserving diffeomorphism, hence the deter-
minant of the Jacobian matrices is either —1 or 1. Up to changing ¢ into —6, we
assume that it is 1, so that

oY ax 90, 90

96 T96 | _ [9X oY

Y ax | (% &)' (3.10)
e Ba X Y

In particular, using & = —0®, we get T = 94 X. Plugging this identity in (3.2), then
differentiating with respect to 6 yields

(¢ — Dadget+ (1 4+ B)6ogt = (¢ — 1 — B)T. (3.11)
The change of variables («, 6) +— (@, X) produces

a a a a a a a
—_— T = — X X

T+ — — T, — T=—Jd—= T
o |6 0 |X a6 I0X | 06 |¢ 06 X |«

Injecting the above identities in (3.11) gives

d a a 0
(u—l)a£%1+((ot - 1)@£|ﬁ5x + 1+ ﬂ)ﬁ%m%) ﬁmr = (a—1-p)r.

Above, (@ — Da g X + (1 + B)b 55 XL = ¢& — « from (3.2), which proves
(3.3) since « = —O. Since the statement (i) is satisfied from Step 2, for each g in
the range of ®, the set {(X, Y) € Q, O(X, Y) = g} is diffeomorphic to R. This
set being diffeomorphic to {(X, g) € "}, this latter set is diffeomorphic to R, and
(iii) is established.

Step 4 (iii) implies (ii). Assume (iii) and dy® # 0 on Q. For g in the range of
0, the set {(X, Y) € Q, O, Y) = q} is diffeomorphic to the nonempty open
interval {X € R, (X, ¢q) € "}, hence is diffeomorphic to R. As in the beginning
of Step 1, there then exists a function ¢ € C2%(2) be such that (X, Y) — (a,b)is
volume preserving, with determinant 1. Change variables (X, ®) — («, 6). Then,
as ¢ = —0, using (3.10) and the definition of t (recall T # 0), we get

9 da 9 b 9 9 a6 oY 0
00)x 90 xda|s 00X dble  dals 0Y 11 00 |2 06 |a
04X
= =00 + =0,
d da 0 a6 9 96 0 1 9 1

Lo 0XLjdals + 9% 10061 9% 1036 0 % @%\a 1
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where in the last terms, and from now on, partial derivatives are taking in («, 6)
coordinates. Injecting these identities in (3.3), using that T = dg X we get

0oL aX +a

— 1)adg s X 1— == _
(@ —1)adgs +<( a)aaﬁ% Py

) X = (B+1—a)dX.
Dividing by 94X, the above identity yields

(¢ —1Da—+

3 ( 0, X oaX +
¢ WL | 86X

)=p1

Thus, there exists a C! function ¢(«) such that
(@ —1D)adgX +aX +a =B+ 1+ ¢(w))ogX.

There exists a C! change of variables of the form 6 =06+ &(w) that transforms
the above equation into (3.2), by applying verbatim the same reasoning made in
Step 1. For every @ € R, the set {6 € R, («,8) € Q'} is diffeomorphic to
{X eR, (X,q) € L}, hence is either empty or an interval. We have established
(). O

3.2. Generic Self-Similar Profile

It is convenient to decompose the proof of Proposition 1 in two parts. The first
partis a Lagrangian approach, using formula (1.21) and certain transformations on
the Lagrangian side; some properties are directly showed out of this formula. First
we study the curve X +— Y*(X) and prove (i). This shows © is well-defined, and
allows to prove that it is a self-similar profile, which is (ii). The symmetry (iii), the
set {0y ©® = 0} and the Taylor expansion (1.23) in (iv) can be studied directly from
the formula (1.21). Note that although this profile diverges to infinity as Y — 0 or
2Y*(X), it still makes sense to speak of (1.22) as a solution of Prandtl’s equations
on its support: we show that the quantity foy uy(t, x, y)dy is well defined.

To establish (v) however, we rely on different techniques. The second part
presents another approach for the study of self-similar profiles. It is an Eulerian
one since it relies on the study of the equation (3.3), following [4,13]. The study
of (3.3) can indeed complement that of (3.2).

We shall use at many locations that W is the inverse of the function X —
—X — X3 (e =W (L) — ¥ (X) = A), that it is analytic and odd, that o W,

attains its minimum at O where dy W1(0) = —1 and that
1
utp?d=v & u=—-—V(p*v) forall u,v) eR* (3.12)
p
V(X)) =-L+L+0(X) asX — 0, (3.13)
1
W (L) = T3 + 5|9C|—% 10X asX — +oo. (3.14)

We will write & = (&1, ®,) for the components of P.



Singularities and unsteady separation for the inviscid 1373

Proof of (i) in Proposition 1. These identities are obtained through direct compu-
tations. First, the identity (3.12) implies after a direct computation that the deter-
minant of the differential of @ is 1. It is thus a volume preserving diffeomorphism
onto its image.

Fixing any X € R and parametrising the curve of equation ®(«,6) = o +
62 + p*2a> = X with the variable 6, we get that ®, = ffoo(l + 33U (p(X —
62)))~1d6 on this curve from (1.18). Recalling (1.18), the set {®» (e, 6), ®; = X}
is then equal to the interval (0 < Y < 2Y*(X)). Therefore, the image of @ is
indeed the set {(X, Y), 0 < Y < 2Y*(X)}.

We next establish (1.19). After two successive changes of variable W (p* (X —
52))/;7* =0®and ® = z + WV (p*x)/p*, and using (3.12), we can rewrite (1.18)

as
o0 de
YO = [,
1(p*36) 2 ®+p*2®3+%

p

00 dZ
_ [ (3.15)
0 Zﬁ\/l + p*222 + 3zp* Wy (p*X) + 3Wi(p*X)

We compute that ¥*(0) = 3 [ (z + p*?2¥) V2 dz = 4F(%)2(np*)’% = %” for
the specific value p = p* given by (1.16). Other direct computations using (3.15)
then give

3 (* Jzdz 3V P* L /3\2
o Y*(0) = \/p*= = r(z) =1
4 Jo a+ Z2)% 47
1
o[ dz 27 3 [® Z3dz SF(Z>
2 — + —p 2 3 = — 5
N R O L
which concludes the proof of (1.19). We finish by proving (1.20). If L > 0, we

change variables in (3.15), setting z = —zW(p*X)/p* (note that ¥ (p*X) < 0
in this case) so that

3
Y™ (0) = —3P

/oo dz
- .
WP o E 3w - 3242

(3.16)

YH(X) =

We use the asymptotic behaviour (3.14) of W to deduce that
Y (L) = CLAF + 0 (Sx—%) —C. X4 0 (sr—%) asd — oo (3.17)

where C; = 271 p*=2/3 fixf(z3 + 1)~!/2dz. The same computation in the case
X — —oo gives

YHXL) = C_|X|75 +0(|%|—%) as L — —o0, (3.18)
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where C_ = 27! p*=2/3 [°(z> — 1)71/2 dz. The constants C+ can be computed
explicitly as

Cy= M C M_ (3.19)

This ends the proof of (1.20). O

Proof of (ii) in Proposition 1. This is a consequence of (ii) in Lemma 3.1. Indeed,
X given by (1.17) solves (3.2) with « = 3/2 and 8 = —1/4 by a direct computa-
tion. Moreover, we have already proved (i) in Proposition 1, so that the mapping
(X, Y) — (@, b) is volume preserving. Applying Lemma 3.1, we get that, on the
set {(X, Y), O(X,Y) # 0}, there exists Y such that (®, T) solves (3.1). More-
over, from Step 1 in the proof of Lemma 3.1, we have that %@8@ + %ﬁaﬁ is the
pushforward of (3% + ©)dy + (—$Y + Y)dy by the mapping (X, %) — (a, 6).
Applying these vector fields to Y gives the equality

laaa?l + Eﬁaﬁy. (3.20)
2 4

Therefore, Y is analytic since all other terms above are, and (3.1) is in fact satisfied
everywhere on the set {0 < Y < 2Y*(X)}. Letus show T = —8?;18% ®. First, we
show that the right hand side is well-defined. Recall a3y ® = —93%Y from (3.10).
Differentiating (1.17), using (3.12), gives

1
__ T =
r

6
3.Y = —6p*(1 +3p*2a?) / g(p* (X — 6%))db,
—00
l 6 =2 ~
0, =  —12p*6 (X — 6°))d6 3.21
6 Y T+3p202 p /_Oog(p ( ))dt, (3.21)

where g(z) = ((1+3\y2)2)(z) Fix X € R and let Y — 0. The constraint « +

p*2a’ + 6% = X and (1.17) imply that @, 6 — —oo with ||’ ~ 6%. Using
the bounds g(z) = O(z~>/3) as z — oo from (3.14), we get from (3.21) that
[0 Y| + 160sY| — 0 and 99x® = Y — 0as Y — 0. Thus 86;1835(9 is
well defined, and injecting this in (3.20) gives T(X,Y) — 0 as Y — 0. Since
0y T = —0y ®, we obtain

YT =05'940.

Y

The fact that (®, T) solves (3.1) with Y given as above implies that (7 —¢) /2@ (x /(T —
132,y /(T — t)~1/%) solves (1.12), and (ii) in Proposition 1 is proved. 0O

Proof of (iii) and (iv) in Proposition 1. Step 1 Symmetry. From (1.17) and (1.18)

we have the following symmetries: that | («, —6) = ®(«, 6) and that ®; (., 6)—
Y*(D1(a, 8)) = Y*(®|(w, 6))—Ps(w, —6). Thisimplies that =1 (X, Y*(X)+
Y) = (D7 (X, Y (X) —Y), —D; (X, Y*(X) — Y)). This implies in particular

(ii).
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Step 2 The set of zero vorticity. Since the mapping (., 6) +— (X, Y) is volume
preserving, (3.10) gives dg X = dy ®. Since dgX = 26 from (1.17), the zero set of
0y © is {6 = 0} or equivalently {% = Y*}. On this set, X = @ + p*?a3, so that
O =—a =V (p*X)/p* applying (3.12).

Step 3 Taylor expansion. This is a direct consequence of the Taylor expansion of
the fonction ® at (0, 0). Let us write ®;; = 8’ 8] O (0, Y*(0)). We first look at the
set {X =0=a + 62+ p*2a3}, or equ1valently o = W (p*62)/p* from (3.12).

One has, from the Taylor expansion (3.13) of ¥
" ~
dé

Y= — T

—oo 1+ 307 (pr?)

= Y*0) + 6 + 0(6]%),

so that 6.0, %*(0) + Y) = Y + O(|Y ) as Y — 0. As « = W (p*62)/p* =
—6% + 0(66) from (3.13), and @ = —O, one deduces the information on the
vertical derivatives of ©®:

(0, %*(0)) =0, Oy =0, Op =2, Oy = 0. (3.22)

Let us secondly look at the set {6 = 0}, corresponding to {% = Y*(X)}. Recall
that there holds ¢ © (X, %*(X)) = 0 from Step 2. Differentiating with respect to
X once and twice this identity, setting X = 0, using the Taylor expansion (1.19) of
Y* and (3.22) gives

O =—-2, 021 +2c2+201, =0. (3.23)

Still on the set & = 0, one has ® = —p*\W¥(X)/p*. We differentiate once, twice
and three times this identity with respect to X, and set X = 0. Using (3.13), (3.22),
(3.23) and (1.19) this gives

O1p=—1, Oy =2, O3+ 30y + 301, =6p*.
We need one last information. We take the identity dy« = 93 Y from (3.10).
Consider the set {X = « + 62 + p*2a3 = 0}. Then on this set, from (1.17), since
Wi (0) =0and W] = —1/(1 +3¥}),
Y 1 s /ﬁ 12p* W) (p*62)
96 1+3p*2al —oo (14 3W2(p*62))3

0 12 p*W *52 -
:1+0(ﬁ4)—ﬁ/ PP a L o@3)
0o (1 + 3‘1’2(p*ﬁ2))3

—1—ﬁ\F/ dt + 0(63),
<\f f) (1 + x)2

where we changed variables x = 3pW; (p62). Hence as 6(0, Y*0) +Y) =
Y + O(|YP) on this set, dxO(0, Y*(0) + Y) = —1 + CY + O(Y|?). This
implies ®12 = 0, and we obtain the desired Taylor expansion (1.23) for ® using
the previous information. 0O
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To finish the proof of Proposition 1, there remains to prove item (v). We first
establish that ® solves a local ODE in the Lemma below. This was, before our
discovery of formula (1.21), the way the existence and some properties of the
profile ® had been showed.

Lemma 3.3. [4,13] © defined by (1.21) solves:

09 — 2/X + 0+ p203, for0 <Y <Y X),
=2JX + 0O + p2O3, forY* <Y < 2Y*(X).

Proof of Lemma 3.3. From (3.10) we have that 3y ® = 04X. From (1.17), 94X =
26 and 62 = X — o — p*2a’. Since @ = —O, this gives

(39 ©)* = 4% + 6 + p*e’).
Since 9y ® = 26, we get 3y® = 0 for 6 = 0, and dyy® = 0 for 6 < 0. As
6 = 0and 6 < 0 correspond respectively to Y*(X) < 2% * and 0 < Y < Y*(X)

from (1.17) and (1.18), we obtain (3.24) from the above equation and these sign
considerations.

Proof of (v) in Proposition 1. Step 1 Proof of (1.24) and (1.25) Let X € R be
fixed. Using the ODE’s (3.24), we express % as a function of ® and expand, for
0 > ()13,

D D
wi’loixé

(3.24)

1
Y= / / — *+0 (% + ~—7)
© - /%+®+P*2®3 2p*@2 |2 ®2
1 x| 1
= -+0|—+— (3.25)
p¥2O1 @2 @2

After inversion this gives

0=~z + 0 (1Y +1YP)
which is exactly (1.24). Note that we have only established it for © > (X)!/ 3,
which from the above expansion, corresponds to Y < (X)~!/®. The validity of
the O() in the whole region {Y < Y*(X)} is a consequence of step 2 below. Note
finally that (1.25) is obtained from (1.24) using the symmetry (iii) in Proposition 1.
Step 2 Proof of (1.26). We only prove the expansion in the case X — —o0, as
the other case can be handled with similar ideas. Let y— : [ p*_z/ 3, 00) be the
following function:

v@ 1 /OO dz

_(2) = = _—

2J); J-1+ p*2z3

By definition (3.19) of C_, the range of y_ is (0, C_]. Denote by w:l :(0,C—]—
[ p*’z/ 3 00) its inverse, and define ¢_ to be its extension on (0, 2C_) by even
symmetry about C_, so that

v (Y if0 <Y < C_,

- (Y) = { vl QC_ —Y)ifC_ <Y <2C_.
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The properties of ¢_ listed in (v) of Proposition 1 are verified by a direct check. It
remains to prove the convergence. For this we use the first equality in (3.25). Let
first0 < Y < Y*(X). Then,

1 [ de
yo = [ ©
® /gx+®+p*2@3

We change variables and set © = zp*~1/3W  (p*X),anduse X = —W; (p*X)/p*—
lI/f( p*%) /p*, so that after some rewriting,

0 (p*iT) 1 o0 dz
HEEYO© =5 [y
p* 6 V(D) +p

| -4
14+ — —— V2 (p*)

2 k% *3

z°p*3 +zp*3 + 1

_y P3O 1 [ dz
T\ ) 2 e ST g prags

Wi (p*X)

1

1 -2/ % ’
1—(1+ 7 5 v o (pd)
2 k7 *5
2°p*3 +zp*3 + 1

1 5
e L/ ® \?
=Y | ——= ol1X]™ 3| ——— ,
v <w1<p*%>>+ (' | <w1<p*96)> )

where we used (3.14) and that ©® = W (p*X)/p* for all Y < Y*(X). Given that

uniformly on [p*~2/3, 00) one has |/ | & (z — p*~%/3)~1/2z71 we can invert the
1/3 .
above equation for all ® such that v (p*g) *_2/ EEN |Elf|_4/ 3 with

1 —1
P30 -1 ‘I/ (P 2< ® )
_— = — YO Ol IXI 3| ———
s VT v |+ (' TS

which, given that ¥~'(®) ~ ©~2 uniformly on (0, C_], and that ¥;(X) =
1113 + 01X |~1/3) finally gives

v} (')
= @5g- (1215 ) + 0 (12159 72).

where we used the fact that |%| < |X|7!/6 as X — —oo and Y < Y*. For
Y* <Y < (2— €)Y* we write

Y=y s L f
lI/ (p*sx) ,/Er+®+p*2®3

0 = p U (p Ty Y |+ pSwiprmo (X7 ?)
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so that changing variables with ® = zp*~1/3W; (p*X) as previously,
% *or % o e
W Y 1 [voFD dz
G P P
p*e p*e 2 ) —1 + p*273

1
2
It~ U (p*)
z°p*3 +zp*3 +1

P*l/3(;)

—c g Lo &, (|96|*%).

2/ V=14 p*223

As we are restricting to the range Y* < Y < (2 — €)Y * the above equation, using
the asymptotic behaviour of ¢_, gives

C}

1
pi  \ ps
1 i T
= % 5g- (1215% ) + 0 (W) '

This shows the desired asymptotic behaviour (v) in Proposition 1 at —oo. The
behaviour at oo can be proved along similar lines. O

Y|+ o0 (1xe?)

3.3. Degenerate Self-Similar Profile

In this subsection, we prove Proposition 2. In order to simplify notations, we
drop the prime ’ notation for ®’, ®" and 2,/,* and simply write @, ® and Y * instead.

We construct an odd in X self-similar profile that is the two dimensional version
of the profile found for the full viscous Prandtl system in [6] on the transversal axis.
Again, we proceed in two parts. In the first part, we use a Lagrangian approach,
and the explicit formula (1.39) to study the curve Y*, the symmetries of ®, and
the set of zero vorticity, and to prove it defines a self-similar profile.

In the second part, we perform an Eulerian study of the self-similar equation.
Namely, we solve (3.3). This allows us to prove the analyticity at the boundary of
®, and to study the derivatives on the axis. This shows how the two studies of (3.2)
and (3.3) can complement one another.

Proof of (i) in Proposition 2. The fact that & preserves volume is a direct com-
putation from the formula (1.36). Its analyticity and that of Y* are direct con-
sequences of the analyticity of W;. By fixing X € R, and so fixing the relation
o + a3 +6%a/4 = X, the vertical component of the image is

% R x -1
_ 2 2
Y(a,b) _2/_00 (1 6 ) (1 + 393 <—(1 +g2)3/2>> di.

Hence, using the formula (1.37), the set {® (., 6), ®; = X} consists of the interval
(0 <Y <2Y*(X)) where Y* is indeed defined by (1.37). The range of & is thus
the set {0 < Y < 2Y*(X)}.
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For% > 0, we change variables twicein (1.37), firstwith ® = (1+62)!/2w, (% /
(14 6%)3/2) using (3.12), and then with © = zW(X) to get

Y (@) = /O &
(@) /[OVE + O + 03

/—‘1’1(95)/ dz

\/_\/1+z“'1(‘%)~|— 3@ (36)

The expansion of Y* near the origin (1.38) then comes as a direct consequence of
(3.13) and of

1 11 1 1 7
f —— =B(;.y)=m Vit 94, = n
0 /zv/1—12 2°2 0 1—2 8

We now turn to the expansion at infinity. We write

- (X
(L) = [— 1()/0 dz

f\/1+zw1(%)+ g\l/(%)
@) a4 i
X 0 N ’
where, using that W (X) + W} (X) + X =0,

\DS
zwlg(c‘%) +23 < ‘9(5%) + 1>

3
z—22 W(X)
Sx, = =
g, ) 1-23 1-723 X
_ z(14+2z) Y (X) _ 0(%7%)
l+z+72 X

uniformly on [0, 1] as X — oo from (3.14). This, the integral value fo NG r
z

2\/_%;?% and (3.14) then imply (1.20) as X — oo. The same limit holds at —
as Y* is an even function. O

Now that ® is well defined, we can study some properties directly from its
formula.

Proof of (iv) and (v) in Proposition 2. Step 1 Symmetries. We have the first sym-
metry that & (&, —b) = ®1(w, 6)andthat &, (w, 6)—Y* (D (w, 6)) = Y*(P1(w, 6))—
®;(a, —6), from (1.36) and (1.37). This implies @~ (X, Y *(X)+Y) = (CDI_I(EI,
YH(X) —Y), =05 (X, Y*(X) — Y)), hence O(X, Y* —Y) = O, Y¥* +Y)
for Y < Y*.

We have the second symmetry that & (—«a, ) = —®(w, 6) andthat o (—a, ) =
®3 (<, 6). This implies that 1 (=X, Y) = (=071 (3, Y), ;' (X, Y)), so that
® is odd in X.
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Finally, ®; = X is negative on {« < 0}, positive on {« > 0}. Hence, on the
set {0 < Y < Y*(X)}, ® = —a is positive for X < 0 and negative for X > 0.
This concludes the proof of (iv).
Step 2 The set of zero vorticity. We assume the regularity properties of (iii) and the
identity (1.43) of (vi) in Proposition 2, which are proved later on in this Subsection.
Since ® = 0 on the set {Y = 2Y*(X)}, and is C!, we deduce that 0y ® = 0on
{Y = 2U*(X)}. Using the symmetry property (iv) proved in Step 1, this shows
that 3y ® = 0 as well at the boundary {¥% = 0}.

We now restrict ourselves to the set {0 < Y < 2Y*(X)}. Since the mapping
(e, 86) = (X,%Y) is volume preserving, one inverts the Jacobian matrix to find

that
Y _ax 9 da
( By a§ﬁ> = (% %). (3.26)
— % 9 X Y

One has dgX = 6-¢/2 from (1.36), so that dy O (X, Y*(X)) = —6- /2. Hence
the set where d9 ® is zero is equal to {« = 0} U {6 = 0}, which corresponds
to {L = 0} U{Y = Y*(X)}. On the set {Y = Y*(X)} = {6 = 0}, we have
@ + @ =% so that O(X, Y*(X)) = —e = V1 (X) using (3.12).

Ontheline {Y = Y*(X)},as O (X, Y* (X)) = W1 (X) and doy W1 (X, Y* (X)) =
0, one gets that 3 O (X, Y*(X)) = 9 W1 (X). Hence, as dy W attains its minimum
at the origin, the minimum of 9y ® on {Y = Y*}is attained at (0, Y*(0)) = (0, 7).
From (1.43), as 33 ® = —sin?(Y /2) lo<9/ <o, the minimum on the vertical axis
is also attained at (0, 7). .

We now show the Taylor expansion (1.42). We write ©;; = 8& 8%,@(0, 7). As
® is odd in X, we obtain that

B0 =01 =Bp =03 =0, O =02 =0

We proved above that 99 © (&, Y*(X)) = 0. Differentiating with respect to X this
identity, setting X = 0, using the Taylor expansion (1.38) of Y * and the coefficients
computed above,

0 =0.

We differentiate once and three times this identity with respect to &, and set X = 0.
Using W1 (X) = =X 4+ X3 + O(|X ), the coefficients computed above and the
Taylor expansion of Y * at 0 (1.38) this gives

®1p=—-1, O30 =6.

We now set «. = 0. Then,

6 dé
%(0.6) =/

SN

sothat 3¢ Y (0,0) = 1,94 Y (0, 0) = Oand dg44 Y (0) = —%.Inverting this relation
one gets dyG-(0, w) = 1, dy9 (0, w) = 0. We now use the relation (3.26) to write
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dxyya(0, ) = 80;,/%% (06%Y) (0, 0), which, injecting all values of the coefficients
already found, gives

Op =2

and ends the proof of (1.42). This closes the proof of (v).

Proof of (ii) in Proposition 2. This is, as in the previous Subsection, a conse-
quence of (ii) in Lemma 3.1. First, an elementary computation gives that X given by
(1.36) solves (3.2) with = 3/2 and B = —1/2. We have already proved that the
mapping (X, Y) — (a, 6) is volume preserving. Applying Lemma 3.1, there ex-
ists a function Y on the set {(X, ¥), ®(X, Y) # 0} such that (®, Y) solves (3.1).
Moreover, from Step 1 in the proof of Lemma 3.1, we have that %@aa + %ﬁag is the
pushforward of (%Sf + @)y + (—%Cy +7)ds) by the mapping (X, Y) > (a, 6).
We apply both vector fields to Y, and the equality of the results shows

1 1 1
— Y+ T =50 Y + S6%Y. (3.27)

The change of variables («, 6) — (X, Y) being analytic, T given by the above
formula is also analytic. The identity (3.1) is in fact satisfied everywhere on the set
{0 <Y < 2Y*(X)}. We now show T = —86;1835@. Recall 99 ® = —34Y from
(3.10). Differentiating (1.36), using (3.12), we have

62\ %  dé X N
9,9 = —12 <1+3@2+—)/2 a—, ~_)db,  (328)
4/ Jee 14622 \(1+62)2

1
%Y =
(

2
1+ 5) 4397 ()

6 ~
5 4 QL i

_61‘1@/2 —; a— 7 (3.29)
o (14623 \ (1 +82)2

where g(z) = (%)(z). We now fix X € R and let ¥ — 0. The constraint
1

o+ a’+6%a/4 =% and (1.17) imply that 6 — —oo and ¢ — 0 with || =
le| 172, Using that g is bounded, we get from (3.21) that |ad, Y| + [69sY| — O
and dg® = 93 Y — 0as Y — 0. Thus 86;1895(9 is well defined, and injecting this
in (3.27) gives Y(X, Y) — 0 as Y — 0. Since dy T = —dy ®, we obtain

T :ac;ag(a.

The fact that (®, T) solves (3.1) with Y given as above implies that (7 —¢)'/2@ (x /(T —
132,y /(T — t)~Y2) solves (1.12), and (ii) in Proposition 2 is proved. 0O

We can now end the proof of Proposition 2 which we will do by solving equation
(3.3).



1382 C. CoLLorT, T.-E. GHoUL & N. MASMOUDI

Lemma 3.4. Continue writing © instead of © for the function defined by (1.39),
and it satisfies

IO =VOV-03 -0 -  ford <0and0 =Y < Y*(X)

99y = VOV —-03 — 0 — X for X < 0and Y*(X) <Y < 2Y%*(X)

d9yO = —/=0VO> + © + X forX > 0and 0 <Y < Y*(X)

Iy© =VOVO3 +O0+X  ford > 0and Y*(X) <Y < 2Y*(X).
Proof. From (3.10) we have that 9y ©® = 94X. From (1.17), 34X = 6« /2 and
026% =40 (X — a — ¢>). Since @ = —O this gives:

(3.30)

(39 ©®)? = -0(X — 6 - 6°).

Using dy® = 6-a/2 and o = —©, we get the signs of @ and dy® via (iv) in
Proposition 2 that has already been proved. Combined with the fact that 6 < 0
and 6 > 0 correspond respectively to Y*(X) < 2Y* and 0 < Y < Y*(X) from
(1.36) and (1.37), we obtain (3.24) by solving the above equation for d¢®. O

With the local ODEs (3.30), we can now end the proof of Proposition 2.

Proof of (iii), (vi) and (vii) in Proposition 2. Step 1 Analyticity at the boundary.
The analyticity of ® in the interior of its domain could be proved by studying the
ODE:s (3.30), but note that it is a direct consequence of the formula (1.39), as the
diffeomorphism defined by (1.36) is analytic. We now prove the existence of an
analytic extension by solving periodic manner in % the ODEs (3.30). To do this,
we will show that these ODEs can be used to prove the analyticity at the boundary
{Y = 0} (where the natural extension of ® is 0).

We will establish that an extension of the mapping (X, v/—©) — (X, Y) is an
analytic diffeomorphism, implying the result by taking the inverse transformation.
Without loss of generality we consider the case L > 0. From (3.30) we infer that
there is a one-to-one relation between (X, Y) and (X, © (X, Y)) between the sets
{X>0,0SY SY*tand {X > 0, ¥ (X) £ O < 0} with the formula

L, 0% /G)(%’% &
YEOEW =) EAE—

We change variables and define U = +/—®. Then the above formula becomes

U
d
(E)C,U):Zf B
0 VI —u?—ub

This formula also makes sense for —/—¥;(X) < U < 0, since X — u? —u® > 0
for [u] £ /=¥ (X), and the mapping (X, U) +— (X, %Y) is one-to-one from
{X >0, U < /=¥ (X)}onto {X > 0, |Y| < Y*}, such that its restriction to
nonnegative Y satisfies U(X, Y) = /—O (X, Y). Let Xy > 0. For (X, u) close

to (Lo, 0), the function under the integral sign is analytic

Y

1
N el DGt L
—us—u

aeN?
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with a.0) = 1/+/Xo > 0 and a1y = 1/2X;"*

also analytic

) > 0, and hence the integral is

(% q )0[1 U20!2+1

X, U)=2

yan =2y
acN?

Therefore, the mapping (X, U) +— (X, ¥Y) is an analytic diffeomorphism near

(Xo, 0). Its inverse is then analytic of the form (since odd in Y)

U, Y) = > bo(X — L)™' Y2

aeN2

Since U coincides with /—© for Y = 0 this means that ® is analytic of the form

O=-U%= ) cald — Xo)" Y>>+

aeN2

This proves that (:), restricted to the set {0 < Y < 2?}*(%)} is analytic in its
interior, and also at the lower boundary {% = 0}. The symmetry property (iv) in
Proposition 2 implies that this restriction is also analytic at the upper boundary
{Y =2Y*(X)}. From the ODEs (3.30), this restriction satisfies dy ® = 3y ® = 0
at the upper boundary {% = 2%*(X)}. Hence, extending ® by 0 on the set {¥ =
29%*(X)} maintains the C! regularity.

Finally, the other extension (1.41) is, by the above analysis of the ODEs (3.30),
analytic on the whole upper half space #. Since it solves (3.1) with « = 3/2 and
B=—1/20n{0 < Y < 2Y*(X)} it thus solves it on the whole upper half space
by uniqueness of analytic expansions, and is therefore also a self-similar profile.
This ends the proof of (iii).

Step 2 First derivative on the axis. Let us consider the zone X > 0and 0 < Y <
Y*. One has the following convergence result

-0 T du
/ ﬁ% N e

3r©(0,Y) du
-]
l —u

Y, 0) =

as L — 0. Hence on the vertical axis Y and 9y ® (0, ) are linked by

—200.Y) g
Y = /O e 2arcsin( —0x®©(0, oy)) .

JuN1—u
This proves (vi) upon inverting the arcsin function.
Step 3 Third derivative on the axis Let ¢(Y) = —0x©®(0,Y) and Yv(Y) =
8&@(0, Y). Since O solves (3.1) with « = 3/2 and B = —1/4 and vanishes

on the vertical axis {X = 0}, differentiating 3 times yields the following equation
for y:

1
40— )y + (aqjas - 5%,/) Doy + 39, Yyd =0, ¥(0) =0



1384 C. CoLLorT, T.-E. GHoUL & N. MASMOUDI
One computes from the formula of ¢ that
0= 49 (% — 2 cos® —m)) + = sinY — m)dyy — 205" sin(Y — 1)
= — ——=cos(Y — —sin(Y — 7 - = sin(Y —
272 2 YV T % d

. -7 1. 3.1, .
&0 = 4y sin? (@;T> Sy =Wy — S0y sin — )

Y-

¢>O:41//tan< >+8W—3ao;1¢.

We change variables and set ¢ (Y¥) = Jf((‘},l —m)/2), withr = (Y —m)/2. One
then has

8¢ tan(r) + 9,9 — 12 ' v =0. (3.31)

_r
2

We finally change again variables by setting

V= f@),

_r
2

and f finally solves

[+ 8tan(r) f' —12f =0, f (—%) =f (—%) —0. (332

A first solution (forgetting about the boundary conditions) is

1
fi = sin’r + —.
6

The wronskian W = f{ f» — f; f1 between solutions solves
W' = —8W tan(r),
and therefore is equal up to renormalisation to
W = (cos(r))®.
From the Wronskian relation we deduce that a second solution is given by

686 sin(2r)
3 sin?( + 1)

fo(r) = (sinz(r) + %) <S40r + 80sin(2r) + 3sin(4r) + —

The set of all solutions satisfying (3.32) with the boundary conditions is spanned
by
a1
f=|sin“(r) + 3 U(r),

where

686 sin(2
UG = 540 (r n Z) +80sin(2r) + 3sin(dr) + 250 _SinG
2 3 sin’(r) + &



Singularities and unsteady separation for the inviscid 1385

satisfies
cos® (r)

. 2”
(sm2 r)+ %)
so that the function f and its derivatives up to order 8 vanish at — /2. The solution
to (3.31) is then ¥ (r) = &= £ (r), hence,

d
—(U) =96
dr()

J(r) =96————
v sin®(r) +

8
cos(r) T +sin(2r)
6

686 sin(2
(540 (r + %) + 80sin(2r) + 3 sin(dr) + —oo0sn2r) ) .

3sin?(r) + 4

The original solution, using standard trigonometric identities, is then

%6sin® (%)
YY) = ——<— — sin(Y)V(Y),
cos? ( 1

Y
7)+6

V() = 2709 — 80sin(Y) + 3sin(2%Y) — — o0

3 cos? (%) + %

The strict positivity of ¥ comes from the equation. Indeed, assume that ¥ (%p) = 0
for some 0 < Yy < 2, and that > 0 on (0, Yp). Then at ¥ it holds that

Yo
a«;,u/f@/o)=3/O ¥ >0

which is a contradiction. The regularity properties and the limited development
come from direct computations, and end the proof of (vi), namely,

8%11,0(0) =0, j=0,...7. 35y (0) >0,
Y1) =0, dy¥(2r) = —V(Q2r) = —5407 <O0.

4. Generic singularity for the characteristics

We describe here a property that the characteristic map has generically at the
singularity time. Definition 4.1 below can be found in the analysis of [37,38], but
no argument is given to support that it would hold generically. We establish this in
Lemma 4.4, and the ideas in its proof are new. In what follows, V is the gradient
in Lagrangian (X, ) variables. We denote by V= the orthogonal gradient, H the
Hessian matrix and v’ the transposition

Oxx f axy f
vy f Byy f

We recall that T and T}, are defined by (1.9), and that x[¢] is defined by (1.7).

VEf = (=0,f.0,.f), Hf = ( ) (v1, v2)" = (v2, v1).
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Definition 4.1. (Generic condition). Let (p£, uf) € F* and ug € €* be such that
T <ooand T < Tp. We say that the singularity of the characteristics is generic if
the mapping x[¢] : (X, Y) — x(¢, X, Y) satisfies the following:

(i) Uniqueness of the singular point. Attime T , there exists aunique point (Xg, Yp) €
R x (0, 00) such that Vx[T](Xo, Yo) = 0. Forany (¢, X, Y) € [0, T] x % such
that (¢, X, Y) # (T, Xo, Yp)andxy (¢, X, Y) = 0,itholdsthatxx (¢, X, Y) > 0.

(ii) Local nondegeneracy of the set of zero vorticity. It holds that

xy(t, X0, Y0) =0 forallt € [0, T], 4.1
Vxy (T, Xo, Yo) # 0. 4.2)

(iii) Local nondegenerate minimality for xx on the set of zero vorticity. It holds,
where all quantities below are evaluated at (T, Xo, Yp), that

(Vxy)' Vtxy =0, (4.3)

(Vxy)'Vaxy
P} = (Vhxy) (HXX - ) Vax

VP ny) Vixy > 0. (4.4)

(iv) First order Taylor expansion of u. It holds that

ux(T, Xo, Yo) <0, and uy(t, Xo, Yo) =0 forallz € [0, T]. (4.5)

Remark 4.2. In the case of a trivial outer Eulerian flow pE = uf = 0, since

x = X + tuyp, the above generic condition can be read on the initial datum uy.
Thus is equivalent to the fact that at a point (Xg, Yp) with Yy > 0 and ugy = 0, the
restriction of upx to the set {#gy = 0} U {Y = 0} attains a unique negative global
minimum, that moreover Vugy (Xo, Yo) # 0 so that the set {ugy, = 0} is locally
nondegenerate, and that

)
2_Po

P—T3

(Vuoy)'Vuox
= (V%ugy)' <Huox — ——————Hugy

[Vuoy|?

when evaluated at (X, Yp), so that this minimum is nondegenerate. The quantity p?
is well defined in Eulerian coordinates, and a computation shows that it satisfies the
following identity, when evaluated at the characteristics (x (¢, Xo, Yo), y(¢, Xo, Yo))
starting from (Xg, Yp):

Vuy)'V 2

- %H> Vi, =
Vityl (1=7)

Hence p? should be thought of in this case as a conserved quantity that will help

determine the parameters (i, v) of the asymptotic profile ® H,W.S

pA(t) = (VEuy) (Hux

Certain conditions in the above Definition 4.1 are always met, as the next Lemma
shows.

> Up to a fixed self-similar factor (1 — £ )_2
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Lemma 4.3. Let (p£, uf) € F4, ug € €* and (Xo, Yo) € ¥ be such that T < oo,
T < Tp,and Vx(T, Xo, Yo) = 0. Thenforallt € [0, T] one has xy (t, Xo, Yo) =0
and uy(t, Xo, Yo) = 0, and there holds ux (T, X¢, Yo) < 0 and

(Vxy (T, Xo, Y0))' VExx (T, Xo, Yo) = 0.

Proof. We define for each (X, Y) € # the 2 x 2 matrices M = M (¢, X, Y) and
A=A(X,Y)by

. 0 1
M=AM, MO,X,Y)=1Id, At X,Y) = . (4.6
©.X%1 %1 (—pfx (1, x(t, X, Y)) 0) 46
From the above equation (4.6), one obtains that M (¢) is of determinant 1 (a con-
sequence of the fact that the ODE (1.7) is volume preserving in the phase space
(x, u)), and in particular invertible. From the ODE (1.7), one deduces that at any
(X,Y)e#H, xx, xy, uyx and uy solve:

()= ()= ():

and therefore that they are given by the formula

xx (@) _ 1 xy () _ 0
<MX(I‘)> = M) <uox) ’ <MY(I)> =M@ <u0Y> ' @7

We recover from this that the set {#y = 0} is preserved with time ¢. At (T, Xo, Yo)
we get

0 1
<“X<T’ Xo, Yo>> = Mo 1o (MOX(XO, Yo)) | 8

0 0
<”Y(T’ Xo, YO)) = M Xo, o) (MOY(XO, Y0)> ’ (“49)

since Vx(T, Xo, Yp) = 0. The first identity implies ux (T, Xo, Yo) # O using the
invertibility of M. Next, (1, ugx (X, Y)) and (0, uoy (Xo, Yp)) must be collinear
since their images by M are collinear and M is invertible. This is only possible if
uoy (Xo, Yo) = 0, and the second identity in (4.7) then implies xy (¢, Xo, Yo) =
uy(t, Xo, Yo) = 0forall ¢t € [0, 00).

We recall that from Step 1 in the proof of Theorem 1, T is characterised as
the first time at which xx touches zero on the set {#gy = 0}, which happens away
from the boundary as T < Tp. Hence xx = 0 on {ugy = 0} N{0 < ¢ < T},
and so since xx (T, Xo, Yo) = 0 and ugy (X9, Yo) = 0, (T, Xo, Yo) is a global
minimizer of xx on this set. As uy (¢, Xo, Yo) = Oforallz € [0, T], Xy = ux from
(1.7), and ux (T, Xo, Yo) # 0, necessarily ux (T, Xo, Yo) < 0. Finally, if one of
the quantities in the product (Vxy (T, X, Y0))! Vixx (T, Xo, Yo) is zero, then this
product is zero. If both are nonzero, since xx[7'] restricted to {xy[7T] = O} attains a
minimum at (X, Yo) then this quantity is zero as well by Fermat’s Theorem. This
ends the proof of the Lemma. O

The terminology of “generic” singularity is due to the next Lemma.
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Lemma 4.4. Let (pf, uty € F4. In the subset of €* of initial data ug such that
T <ooand T < Ty, there exists a dense open set such that the singularity of the
characteristics is generic in the sense of Definition 4.1.

Proof of Lemma 4.4. Fix ug € €* such that T < oo and T < T}, a reference
initial datum. Let (X, #) denote the solution to the ODE (1.7) with initial datum
u(0,X,Y)=uo(X,Y).Forany§ > Oand (up+v) € & with dyga (v, 0) < & welet
(x, u) denote the solution of (1.7) with initial datum u(0, X, Y) = (ug+v)(X, Y).
Step 1 Evolution of the perturbation and of the derivatives. Differentiating (1.7)
we find that the solution (x, u) can always be written under the following linearised

form
x() _ (x(®) 0 2
(u (t)) - (m) M) (v) O, (4.10)
where the volume preserving matrix M is defined by (4.6), and where at a given §,
F : [0, T1x % — R2isa function such that || F lc3 < C isbounded independently

of v. Asat (T, Xo, Yo), M is invertible and sends the vector (1, ugx) onto the vector
(0, ux) from (4.8), one has that

M (?) = (’:) with m(T, Xo, Yo) # 0. 4.11)
Hence, we can rewrite the first line of the identity (4.10) as
x(t) = X(1) + mv + fv2, (4.12)

where m (T, Xo, Yo) # 0, X is C*, and m and f are bounded C3 functions (with
C? norm independent of v). We end this first step by writing the ODEs for higher

order derivatives
xl./Y Xyy 0
=A + ,
(MYY> <MYY> <—(XY)2Pfxx(x))

X);'y _ XXy 0
(uXY> =4 (uXY> + <—XXxYpfxx (x)) ’ (4.13)

Step 2 Generic singularities define an open set. We show in this step that if ug is
such that the properties (i) to (iv) of Definition 4.1 are satisfied, then this is also the
case for up 4 v for § small enough. We use bars to denote quantities related to the
initial datum uq, and no bars for those related to ug + v.

First, we make some computations for the unperturbed solution u. At (Yo, Yo)
onehasuy = xy = O forall times ¢ € [0, oo) from (4.9). Next, one gets from (4.7)
and (4.11) that

Xy (t, Xo, Yo) = m(t, Xo, Yo)uoy (Xo, Yo),

and so since m(T', X, Yo) # 0 from (4.11), one gets that the sets {Xy = 0} and
{toy = 0} coincide locally near (T, Xg, Y(). Since Xy (¢, Xo, Y¢) = O for all times
and Vxy (T, X, Yo) # O from (4.2), from standard parametrisation methods we
have that for ¢ close to T the set {xy(¢) = 0} is locally near (X0, Yo) acurve T
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that can be parametrised as T = {(Y(s), Y(S)L |s_| < €} for some small enough €,
where (the derivatives being computed at (¢, Xg, Yo))

(X(5), Y(s)) = (X0, Yo) + sVXxy + cs?Vxy + O(s]),

1 — L\t = vl
c = —W(VXY) H)CYV.X'Y.
A direct consequence of the above parametrisation is that one has the following
Taylor expansion for Xy on I" for 7 close to 7', after some elementary computations,
using that xx (T, Xo, Yo) = 0, xx = uy, the identity (4.3) and the definition of
Po:
Xx (1, X(5), Y(5)) = =(T — 0)ux(T, Xo, Yo)(1 + O(T — 1] + |s]))

1o, = 3
+2S Po(L+ O(T — 1)) + O(sI"),
2

ds?2

Here p3 > 0 is defined by (4.3).

Next, we study the perturbed solution u. First, note that for the unperturbed
solution, because of (i), outside any neighbourhood of (T, X0, Yo), there exists
¢ > O such that |[VX| > c is uniformly far away from 0. Hence, for § small enough,
it at any time T close to T the solution is such that Vx[T] = 0 somewhere, this
has to be at a point near (X0, Yo).

From the condition (4.2) for u, for § small enough, for all ¢ close to T, the
set {xy = 0} is near (Xo,Yo) a non- -empty curve I'. Since xy(z, Xo, Yo) =
m(t, Xo, Yo)uoy (Xo, Yo), and thatm(T Xo,Y0) # 0, we obtain moreover that for
8 small enough and ¢ close to T,Tis independent of time. From (4.14), for § small
enough, there exists on I, at time T,a unique point (X, Yp) at which xx is minimal
(non necessarily 0). From the nondegeneracy condition (4.2), one obtains that for
t close to T, the curve I" can be parametrised by I' = {(X (s), Y (s)), |s| < €'} for
some small enough €’, where (the quantities below being computed at (¢, Xg, ¥p))

—Xx(1) = po(1 + O(T —t| +Is])). (4.14)

(X(s), Y(5)) = (Xo, Yo) + sVxi + cs*Vxy 4+ O(ls]),
1 1 iR
c = ~3vs |2(VxY)tnyny,

A direct consequence o_f the above parametrisation and of the definition of (Xg, Yp)
is that on I, close to (T', Xy, Yp),

xx(t) = xx(T, Xo, Yo) — (T — )ux (T, X0, Yo)(1 + O((T — 1) + |s| +8))

1 _
+§s2ﬁ%(l + O((T — 1) + |s| +8)).

As xx (T, Xo,Yy) = O(@) and uy (T, Yo, 70) < 0, we infer from tEe above
expansion that the first time x x touches zero on the curve {xy = 0}isT = T+ 0 (),
at least at one location s = O(§). The condition

d? . _
@xx(t, X(5), Y(5)) = pg(1 + O(T —t| + |s| + ).
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ensures that this happens at a unique location. Hence (i) is satisfied. The inequality
in (ii) is satisfied as at this point Vxy = Vxy + O(8) # 0. The inequality in (iii) is
satisfied as p(z) = ﬁ(z) + O(8) > 0. Finally, all other conditions in Definition 4.1 are
satisfied from Lemma 4.3. Hence for § small enough, the solution « has a singularity
of the characteristics that is generic in the sense of Definition 4.1.
Step 3 Density of generic singularities. We now assume that ug is such that 7 < oo
and T < Tp, but that u fails to meet the conditions of Definition 4.1. For any § > 0,
we will find a suitable v with deg4 (v, 0) < & such that u does satisfy these conditions.
As the generic condition involves several requirements, there are several cases to
consider. We start with the first case: we assume that for u the condition (ii) holds true
(the equality is always holds true from Lemma 4.3, so only Vxy (T, Xo,Y0) #0is
real assumption), and that (iv) fails (the first equality always holds from Lemma 4.3
so the real assumption is that p> < 0). We do not assume anything regarding (i),
and we recall that (iv) is always true from Lemma 4.3.

From VXxy (T, Xo, 70) # 0, as in Step 2 we infer that for all  near T, near
(X0, Yo), the set {xy[r] = 0} is a curve T that we can still parametrise as T =
{((X(s),Y(s)), |s| < «} for some small ¥ > 0 with

(X(s), Y (s)) = (Xo, Yo) + sVXy + cs°Vxy + 0(s°),

1
c = |V_ |2 (ny) Jxonyy, 4.15)

but this time,

d? -
7 (Xx (T, X(9), Y(5)),,_g = 7s=0. (4.16)

This quantity cannot be negative by minimality of Xy at (X, Y ), soindeed ﬁ(z) =0.
We assume without loss of generality that the function m defined by (4.11) satisfies
m(T, Xo, Yo) > 0. We then perturb the initial datum uq by

v X0+ X, Yo+ 7Y) =€c*w (K(X_X0)> . <K (Y — Y0)>,

€ €

D<e<kl, K>K >1,

where

e Wisoddin X and compactly supported in [—4, 4].

e W >0o0n[—4,-2],¥ < 0on[-2,0], ¥ < 0on[—1,0] with ¥ attaining
its minimum at the origin where ¥/(0) = —1.

o U >1on[—1,0] with ¥ (0) = 1.

e x is a standard smooth cutoff function x = 1 on [—1, 1] and ¥ = O outside
[—2,2].

Note that for any value of K and K’, v is indeed small in C3 for ¢ small enough.
Note also that as v vanishes for | X — Xo| = 4¢/K or |Y — Yy| = 2¢/K’ the solution
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(x, u) remains unchanged there. In the modification zone, note first that one has
the formula from (4.12):
x(t, X, Y) =X(T) — (T — )u(T) + m(T)v + fv* + gu(T — 1) + h(T —1)*,
=X(T,X,Y) = (T —0u(T, X, Y) +m(T, Xo, Yo)v

+02fi +o(T = 1) fo + v(X — X0) f3

+o(Y = Yo) fa+ (T — 1) f5. (4.17)
Here all the functions f, g, &, f1, ..., f5s are C 3 functions with O (1) size uniformly
in §. Note that for ¢ close to T, the curve I' := {xy[¢t] = 0} is unchanged for
|Y —Yo| = €/K’, hence it is still parametrised by (4.15). It holds on this part of the
curve forr = T + O(K€3) and |s| < €/K, writing (X, Y) instead of (X (s), Y (s))
to ease notation, that
xx(t, X, Y)

=xx(T,X,Y) — (T — ux(T, Xo,Yo) (1 + O(IX — Xo| +|Y — Yo))

LK (@) X (@) (T, Xo. 7o) + 0(c*)

= 0(IsP) — (T — )ux (T, Xo, Yo) (1 + O(|s))

L KEW (M) p (@) (T, o, Vo) + O(eh)

2 ’ Vv 3
= —(T — yix + KW’ (K(Xe XO)) X (K (Yé YO))m 0 (6_>

K3
where we wrote iy < 0 and m > 0 for ux(T, Xo, Yo) and m(T, X, Yo) to

ease notation. We now restrict things further to the zone of this curve for which
|X — Xo| < €/K, hence x = 1, and we Taylor expand ¥ to get

_ — 2 3
xx=(—1+l€;KT +<K(X€_X°)> +0( )+0(K—4))

SKm.
The above identity implies that the first time dx x touches 0 in the zone of the curve
[ for which | X — Xo| <« €/K is at a spacetime point (T, Xo, Yp) with

KX —Xp)
€

3|5

3km

ux

I
T=T+

N — — €
+0(e31( 3)<T, X0=X0+0(F>.

At such a time, on the part of the curve for which |X — Xo| = €/K it holds for
some ¢ > 0 from the condition on W that

3
3> > K, > 0.

IxI(T) 2 (T — Tax + > Km(—1+¢)+ 0 (;—
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Hence at time T on {uy = 0}, xx did not touch zero outside the part of I" in the
zone | X — Xg| £ €/K. From Lemma 4.3, the vectors Vxy and Vxy are collinear at
(T, Xo, Yo). From Step 2, the second derivative of xy (T, X (s), Y (s)) with respect
to s is positively proportional to p? computed at this point. The collinearity of Vxy
and Vxy implies the simplification for py defined by (4.3):

2 3

x

0 Xy
= xxxxXyy — 3XxxyXxy +3xxyyxXxx — -5 Xryy. (4.18)

Xyy Xyy

From (4.17) we infer that, introducing the notation P = (T, Xy, Yo),

_ K(X — X,
xxxx =Xxxx + O(T —T|) +mK3e¥"” (%) + 0(e?)

+ O(e/K)

— K(X —X
= Xxxx(P) + MKW (—( °)>
€

— € _ — €
xyy = Xyy(P)+ 0(?), xxxy =Xxxy(P)+ O <E) ,

_ — €
Xyyy = Xxxy(P)+ O (E)

xxy =xXxy(P)+ O (%) , xxyy =xxyy(P)+ O (%) ,

xxx =xxx(P)+ O (%) .

The condition Vxy # 0 and the fact that V1ixy.Vxy = 0 ensure Xyy # 0, and
therefore,

K(X —X
Pe =P+ Eyy) mK3ew” (%) + 0(e/K)

= (xyy)*mK3ew” (M) + 0(e/K) = cK3e

for some ¢ > 0, where we used (4.16). This ensures that the zero we found for
xx on the curve was unique in the part |[X — Xo| < /K, and hence is globally
unique, proving (i) in Definition 4.1. The second inequality (4.2) is true as Vxy =
VXy + O(¢) and since we assumed Vxy (T, X0, Yo) # 0). We proved that p(z) >0
above. Using Lemma 4.3 u thus meets the requirements of Definition 4.1.
Step 4 Other cases Step 3 does not cover all cases. One also has to treat the case
Vxy = 0, for which (ii) fails. The set {xy = 0} is degenerate. As the parameter p
depends on third order derivatives, one has to consider three subcases, wether the
symmetric Hessian matrix HXy (7, 70, 70) has eigenvalues with the same sign,
different signs, or if it is degenerate. In each of these cases we can perform a similar
analysis as in Step 3, so we only explain the strategy and leave the details to the
reader.

In the case for which Hxy (T, X0, Y ) has two eigenvalues with different signs,
the set {xy[7] = 0} is locally two crossing curves. Hence as at time 7', on the set
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{xy = 0}, as the quantity Xy (T) has to be minimal at (Xg, Yg), one gets that
Hux(T, Xy, Yo) must be a nonnegative matrix. We can thus perturb the initial
datum to separate the two crossing curves in two non-crossing curves, while making
a minimum for Xx appear on one of these curves.

In the case for which Hxy (T, X0, Y¢) has two eigenvalues with the same sign,
the set {Xy[T] = 0} is locally a point. As ux (T, Xo, Yo) < 0, by perturbing the
initial datum one can transform this point into a circle, which makes us go back
to Step 3. In the case of a degenerate matrix HxXy (T, Xo, Yo) with at least a zero
eigenvalue, one perturbs the initial data to make these eigenvalues nonzero, which
makes us go back to the two previous cases. O

5. Generic Self-Similar Separation

5.1. Strategy of the Proof and Renormalised Variables

This section is devoted to the proof of Theorem 2. We fix throughout this section
(uk, pf) € F* and ug € €* such that the solution « to (1.1) has a singularity of
the characteristics that is generic in the sense of Definition 4.1. We recall that this
happens for a dense subset of initial data in €* such that T < oo and T < Tj
thanks to Lemma 4.4. We will show that u satisfies the conclusion of Theorem 1.
The proof is decomposed in several steps:

e We define below self-similar Lagrangian and Eulerian variables, (a, b) and
(X, Y).0

e We compute X[¢](a, b) in Subsection 5.2, and show that X [¢](a, b) =~ ®(a, b)
(where @ = (®, ®,) is defined in (1.17)).

e We compute Y[t](a, b) in Subsection 5.3 using incompressibility, from the
formula for X and the relation (A.1). We show that Y[t](a, b) =~ ®;(a, D).
The technical difficulty is the parametrisation of the level curves {X = c},
which is done differently in the three zones Z§, Z| and Z, defined by (5.8),
(5.9) and (5.10).

e Theorem 2 is proved in Subsection 5.4 in two parts. In the first one, we in-
vert the characteristics and compute (a[¢](X, Y), b[¢t](X, Y)) and show that
(a,b) ~ ®~ (X, Y). The technical difficulty is that one performs this inversion
simultaneously at all points in an unbounded zone, and that & becomes degen-
erate at infinity and at the boundary of its support. We introduce several zones,
each with an associated renormalisation, so that the error terms are uniformly
estimated in each zone. In the second part, the explicit formula for the mapping
(X, Y) +— (a, b) allows to retrieve u and to end the proof of Theorem 2.

The identity (4.3) implies at (7', Xo, Yo) that x%Y = XxxXyy,and (4.4) implies
that xyy # 0. There are thus four cases to consider, depending on the sign of xy x

6 The mapping (X, Y) — (a, b) will be showed to be close to the mapping (X, Y)
(a,6) = o1, %Y) given by the inverse of ® defined in (1.17), hence this (a, b) notation.
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(which is the same as that of xyy), and the sign of xyy. We make the hypothesis
that

xxx(T, X0, Y0) >0 and  xxy(T, Xo, Yo) < O. 5.1)

It is clear from the proof that the sign of xxy does not matter for the result (i.e.
does not change the parameters i, v, ¢ of the profile), and that the case xxyx < 0
would lead to a singularity with profile —®(—X, ¥), i.e. t = —1. First, we define
centred variables, and for notational convenience,

t=7—-1r>0, X=X - X, Y=Y -Y,.

Second, we define self-similar Lagrangian variables (a, b) near (Xo, Yp) as
(a> ot (x)
b kst 1 kytm3 ) \Y )
— 1 = .3
X Xo kitz —kpta a
= + (2 _ , 5.2
<Y ) (Yo> (kﬁi Katd ) (b) 62

where the constants are given by (all expressions below being computed at (7', Xo, Yo)
and pg being given by (4.4))

BlW =

1 Po Xxx

k] - _— k2 = _kl k4 = ;@
=uxN6(xxx + xyy) P*’ Xyy 2/6(—uy)? P
/xX_Xk4
Xyy

3
k - 7, - — 2«/6 —Uu ix X *
kl:xYY\/6 —uxp—, k3 = /);X_th k2:\/ (—ux)2xxxxyy p’
YY

Po Xxx + Xyy Po

E4 = /xﬂﬁﬂ 5.3)
XXX

The reader should keep in mind that there are the variables (a, b) given by
(5.2), and that there are the variables («, 6) of Proposition 1 (that will be showed
to be asymptotically equivalent). We denote by (X©, %) and («, 6) the change
of variables related to the unperturbed profile ®:

k3

(a,8) > (X9, 6), Y®(a, 6)) = ®(a, 6) is the mapping & defined in (1.17),
X, Y) = (a(X,Y),6(X, Y)) is the inverse of the mapping P defined in (1.17).

(5.4)

7 We abuse notations, since variables also called (a, b) were introduced in Subsection 3 to
study the profile ®. Our proof shows that these variables become asymptotically equivalent
ast 1 T, justifying this abuse.
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The two line vectors in the above matrices in (5.2) are orthogonal. We renor-
malise the Eulerian side and use Eulerian self-similar variables (X, %) according
to

x —x*(1) y
x*(t) =x(t,X0,Y0), X =ks———, Y =ke—, (5.5)
t2 t— 2
where
1 —ux po
ks = ——, kg =, | —,
> —uxk 2\/6]9*

so that the mapping (a, b) +— (X, Y) preserves volume. Note that in (5.5) a slight
abuse of notation is made, as these are the (X, Y) variables of Theorem 2, but
up to some fixed renormalisation factors. This is only to simplify notations in the
forthcoming analysis.

(T — 1)t

Yi a \ Ay

A

| >
I(ta Xo, Y()) x

: Core of Lagrangian and Eulerian self-similar zones

=y

Xo

Our analysis will prove that the parameters (i, v, t) of Theorem 2 are

nw=—uxk;, v==k' (=18 (5.6)

5.2. Tangential Displacement

We compute here (a, b) — X (¢, a, b), with detailed estimates to parametrise
the level curves {X = Cte} in the next Subsection. We describe two zones Z
and Z, near (Xg, Yp), in (a, b) variables, for which the curve L = Cte can be
parametrised either with the variable b in Z1, or the variable a in Z; (the Taylor
expansion is not precise enough to allow for a single parametrisation). For this
purpose, we assume for a small parameter 0 < § < 1 that

0<T—1t<82, (5.7)

8 We recall that the value ¢ = 1 has been ensured by the sign assumption (5.1), see the
comments there.
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(equivalently 0 < t < §2) and for a large constant L > 1 we define

Zo —%’\{|a| 533 and |b| §5t—%}, (5.8)
zi=zit=zgn bl < L (1+1al) ] (5.9)
Zy = Z5[L] == Z{N ZE = Z§ N {|b| > L(1+|a|%)}. (5.10)

The zone Z§ defines a size one neighbourhood of (X¢, Yp) in Lagrangian variables
(X,Y), and so Zj is an exterior zone where the dynamics remains regular. The
following two Lemmas give all estimates we will use later on. The precise value
of the constants L above do not matter, we simply will take them large enough
to ensure a dichotomy for the level curves {x = Cre}, see next Lemma 5.3. We
introduce

\
|
|3

Lemma 5.1. For L large enough, then § small enough, the following holds true:
for (X, Y) € Z§, it holds, with constants in the O()’s depending on L, that

T =a+ p2a (140 (t+lait?)) + 2 (140 (t+ bt + Jait? ))
+irb + 0 (@fblts + a2 + [bjt 7). (5.11)

Moreover, if (X,Y) € Z, then it holds that

o = (a n p*2a3) (1 +0 (t% n |a|%t%)) LB 4 Oth), (5.12)
a= —%wl (p* (96 —b2>) ( +o ( LIt £ |b]3 t4))
+0 (t%). (5.13)
Also, if (X, Y) € Zy, then it holds that
sx:(a+p*23+b2)<1+0<i||’ ) (5.14)
a= —%\yl (p*(% — b2)) +o (|sr|%+%t%), (5.15)

b=+/% —a— pd3 (1+0(| b|3td l))
= +/% —a — p2ad (1+0(|9C|%t%)). (5.16)

Proof. The proof uses the Taylor expansion of x near (7, Xy, Yp) and the alge-
braic identities of Definition 4.1. In what follows, all symbols of functions without
arguments denote the evaluation of these functions at the point (7, Xg, Yp). From
Lemma 4.4, for all ¢ it holds that xy (¢, X¢, Yo) = 0 and at the point (T, Xo, Yo)
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there holds xx = 0, xx; = ux, and xxxxyy = x%Y with the assumption xyx > 0
and xyy < 0 from (5.1). Thus the Taylor expansion of x at (T, Xg, Yy) gives

2
(T —t, Xo+X. Yo +Y) =x*(t)—uxtX+< /”Txx— /%Y)

XXXX 3 o XXXY 2 XXYY 2 |, XYYY 3
X XY XY —Y
+ 6 + 2 + 2 + 6

+0(|X|4 I X YR+ t2|X|). (5.17)

We use now the variables (a, b), for (X,Y) € ZS, which means that |a| <
S13t71/2 « t71/2 and |b| < §t73/% « t73/4. From the identities (4.18), (5.2)
and (5.3), the above expression becomes

x —x*(1) = (—ux)k
3 3 42 3 1
(tZa +12p*2 (1 +0 (t+ |a|t2)>
3, 3 1
+857 (140 (t+ bl + thjal))
+tirb+0 (a2|b|(1 0 4 aP + t2+?¢|b|))
which, using (5.5), shows (5.11). Consider now (5.11) in the zone Z| where |b| <

L(1+a]’’?). Asaanda? share the same sign, and since lalt!/? « 1and |p|3/* « 1
we can write

%2 3 1 2 3 1
o = <a+p a )(1+0(t+|a|t2))+b (1+0<t4 +t2|a|))
Hirb+ 0 (|a|3+%t% +lal?ts +t2ti|a)2 +t%+%)
- <a n p*2a3) (1 +o (t% + |a|%t%)) + 02+ 0,
where we used |a|2 + |a|3/2 <la+ a3|. This proves (5.12). We rewrite the above
identity as
(% yCn O(t%)) (1 40 (t% + |a|%t%)) —a + p2d>
Note that the solution to a + p*2a® = fisa = =W (p* f)/p*. Hence

a= —%wl (p* (sx e O(t%)) (1 +0 (t% + |a|%t%)))

Now, for ¢ close to Ty, and (X, Y) in Z§, there holds O (t% + Ial%t%) = o(1),
hence using (B.1) the above identity gives

a= —%xpl (p* (sr e 0(t%))) (1 +0 (t% + |a|%t%)) .

Hence, from (B.1) |a| < |W; (p* (35 Y 0(t%))) | <1013 4 B3 + 11712,
This, reinjected in the above identity and using (B.1), gives (5.13). Consider now
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(5.11) in the zone Z, where |a| < L2323 « b*/3 and |b| = L > 1. Then the
dominant term in the right hand side of (5.11) is b and we infer that X ~ b? > 1
and X > |a|3. Injecting these bounds in (5.11) gives the desired identity (5.14) for
X in Z;. Then we rewrite (5.14) as

p=x(1+0 (|b|%t%)) —a—p2ad =& —a— p2dd) (1 +0 (|b|%t%))
as L1/3 > |a|. Hence the solution is
b= i\/(% —a— p?ad) (1 +o (lbﬁtﬁ))
- im(l +o (Ibﬁt%))
- i\/m(l +0 (1t

which shows (5.16). We also rewrite (5.14) asa+p*?a’ = X —b>40 (|| T1/6t1/4),
so that, using (B.1),

az—%‘l’l( (2 =2+ 0 (1x'5t7)))
= (57 (=) + 0 (1t e

This shows (5.15) and ends the proof of the Lemma. O

The next Lemma adapts Lemma 5.1 to higher order derivatives.

Lemma 5.2. For L large enough, then § small enough, the following holds true.
For (X, Y) € Z, it holds, with constants in the O()’s depending on L, that

3.X =1+ 3p*2a?®
+0 <|a||b|ti F DA + |aPt? +t+t3]al +t%|b|) , (5.18)

WXL =2b+rt1 + 0 (t%|b|2 +t2(b|lal +tial® + tF +tb| +t%|a|) .
(5.19)
Moreover, if (X,Y) € Z, then it holds that

L = (14 3p*2a?) (1 +0 (t% + |a|%t%))
- (1 + 392 (p* (sx —b2>)) (1 o ( th 4 |6t + [b]3 t4))

(5.20)
020X = 6p**a (1 +0 ((Iaﬁ %))) +0 (t%)
=—6p"w (p7 (2 =8)) (1 0 (K + it 4 piitd)
e (t%) (5.21)

WL = 2b (1 +o (t% + |a|t%)) +o (t% n t|a|2> . (5.22)



Singularities and unsteady separation for the inviscid 1399

Furthermore, if (X, Y) € Za, then it holds that
WL = 2b (1 +0 (|b|%t%))

= 42,/% —a — p2a3 (1 10 (|9C|%t%) , (5.23)

X :2(1 +0(|b|%t%)) =2<1 +0(|96|%t%)), (5.24)

3.X =1+3p2%+0 (|b|%t%) —143p22+0 (|sx|%t%) . (5.25)

Proof. We omit the proof, relying only on explicit manipulation of the Taylor
expansion of x, and which is verbatim the same as that of Lemma 5.1. O

5.3. Normal Displacement

The function (a, b) — A (¢, a, b) has been computed in the previous Subsec-
tion, what allows us to compute (a, b) — Y (¢, a, b), relying on Lemma A.1. Let
I'[x] denote the curve {x[¢](X,Y) = x} in Lagrangian variables, with starting
point at {¥ = 0}. The proof of Lemma 5.3 below ensures I'[x] enters Z§ either
from the bottom side {b = —8t=3/4} or from the upper side {b = st=3/4). By a
continuity argument, for é small, then € > 0 small enough, all such curves with
|x — x*| £ € enter from the same side. Without loss of generality we assume it to
be the bottom side. This assumption is harmless: if they enter from the upper side
the same conclusions would hold from the symmetry (iii) in Proposition 1.

With the control of the behaviour of X in the zones Z; and Z; obtained in
Lemma 5.1, a parametrisation of these level curves as graphs over the b variable
is possible most of the time, but there is a case for which this is impossible, and
we then cut in several zones, each parametrised with either the variable a or the
variable b. The picture below is described by Lemma 5.3.

Toward Y — oo
N e

{a — _61/'3t—l/2} {(L — 61/3t—]/2}
, {b=—ot=31}
—€ S T S [(tS/‘z F[x] F[flf]
K32 <2/ <e From {Y =0}
Lemma 5.3. (Lagrangian structure of the curves {x = Cre}). For all L large

enough, for any Ly = L, there exists K* 2 L such that for K 2 K*, there
exists L3 2 L such that for Ly > L3, for § small enough and then € small enough,
the following holds. For any |x — x*| < € the set T'[x] N Z§ consists of a curve
entering and exiting at the points (ain, bin) and (aour, bour) with b, = —st=3/4

and byy; = 8t=3/*. In addition,
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(i) For —e < x —x* < K13/2 this set can be parametrised with the variable b, via
a = a(x, b), and is contained in Z{[L»].

(ii) For Kt3/? < x — x* < € this set consists on the concatenation of five curves
I'1, Ty, '3, Ty, T's with starting and end points
(@ins bour), (a1, b1), (a2, b2), (a3, b3), (as, bs), and (aour, bour) where

3 3
by =—L; (1 + lal|7), by = —L; (1 + |612|7>7
3 3
by=Li (1+1asl?), be=1Ly (1+lasl?).

I'y lies in Z|[L1] with a, b < —1, and can be parametrised as a curve a =
a(x,b). 'y lies in Zo[L1] with b < 0, and can be parametrised as a curve
b =b(x,a). 'z liesin Z1[L1] witha > 0, and can be parametrised as a curve
a =a(x,b). Ty liesin Zy[L1] with b > 0, and can be parametrised as a curve
b =b(x,a). I'sliesin Z{[L1] witha < 0 and b > 0, and can be parametrised
as a curve a = a(x, b).

Proof. Step 1 The in and out points Fix |x| < €, we show the existence of the in
and out points and show that they are the only points at the boundary of Z§. The
in point is the point of the curve belonging to the lower boundary {b = —§t=3/4}
of Z§. We fix bj, = —8t73/4 and look for the corresponding parameter a;,,. For

(a,b) € Zo[L1]one has |b] > L1, |a| < |b[>/3 andti|b] = o(1) as § — 0. Hence,
from (5.14),
X 2 b

In particular, if (a, b;,) € Z>[L1] then x(a, b;,) — x* = 8% > € > x — x*. Hence
there are no solutions in Z>[L1]. As (0, b;,) € Z>[L1], one has from the inequality
above x(0, bjy) — x* > x — x* and as (=8'/3t1/2, b;,)) € Z|[L] one has, from
(5.12),

x(=8371V2 py —x* = —p2s(1 + o(1)) < —e < x —x*.  (5.26)

Hence by the intermediate value Theorem there exists a solution a;,, to x (a;y, bin) =
x, which is unique as d,x > 0 on Z{[L1] from (5.20). One can show the existence
and uniqueness of the out point (a,y¢, byy) at the north boundary {b = st=3/ 4}
with the same argument. The computation (5.26) holds true at the left boundary
{a = —813t71/2} of Z¢, and a similar computation shows that x — x* > € at the
right boundary {a = § /3t’1/2}. Hence the two points (a;y,, bin) and (aour, bour)
are the only points of the curve at the boundary of Z§.

Step 2 Proof of (i). From the first step, the strict monotonicity d,x > 0in Z1[L2]
from (5.20), and since I' N Z§ C Z;[L;], a standard application of the implicit
function theorem gives that the curve x(a, b) = x can be parametrised with the
variable b as a = a(x, b) for b € [—8t’3/4, 6t’3/4].

Step 3 Proof of (ii). Fix Kt3/2 < x — x* < €. We first prove the existence and
uniqueness of the point (ag, b1) on the curve b1 = —L1(|a; |3/2 + 1) witha; < 0.
On this curve, from (5.14), using the fact that |a;| < |b1],

X (a1, by) = bI(1 + o(1)),
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where the o(1) isas L1 — oo. Hence, as fora; = 0, (0, — L) = O(L%) <K <
& and, for by = —8t=3/4,

8 3 3/4 2
e — 5t — x* = > x —x*
X (t3/4L1 1) , —6t X §(14+o0()>e=zx —x",

there exists a solution (ay, by) with by = —L1(|a]|3/2 + 1) and a; < O to
x(a1,b1) = x. One can also show that 95, L = 2b1(1 + o(1)) on this curve
which implies the uniqueness of the point (aj, b1). The existence and uniqueness
of (az, b2), (az, b3) and (a4, b4) can be done similarly.

We now show that (a;,, bi,) is connected to (ai, b1) by the part of the curve
stayingin Zi[Li] witha, b < 0.Indeed, note thatforb = Oanda < 0,onhasx < 0
from (5.12). Also, for |a|, |b| £ L; one has from (5.12) that x(a, b) < C(L)t3/?
so x(a, b) < x for K large enough. Consider the part of I' which is in the zone
Zy with a, b < 0. This proves that the only points of this set at the boundary of
Z1 N{a,b < 0} are precisely (ajp, bin) and (ay, b1). From a direct check on the
gradient of x, the curve I" indeed penetrates the zone Z1 N {a, b < 0} at these two
points, and so the part of I in the zone Z1 N {a, b < 0} consists of a curve joining
these two points. Moreover, as in Zy, it holds that 9,x > 0, from (5.20), so it can
be parametrised with the variable b.

The proof of the properties for I'; for i = 2 can be proved following the same
ideas. We just mention that in Z[L1] there holds 9, > O for b > 0 and 9, < 0
for b < 0 from (5.23), which shows that the curves I'y and 'y can indeed be
parametrised with the variable a. 0O

The knowledge of (a, b) — X and of its level curves (Lemmas 5.1, 5.2 and 5.3),
allows us to retrieve the value of Y by incompressibility using (A.2).

Lemma 5.4. For any Ny 2 1, for N| large enough and then K large, the following
holds true for § > 0 small and then € > 0 small enough. If, in the first case,
(X,Y) € Zis suchthat either —e < x(a, b)—x* < KB2 o K32 < x—x* < ¢
and b < 0 and N»|X (a, b)| < |b|? then it holds that

1 -
b O<t12 + 1|

I
—
>
+
=
o
—

=

~—

Y(a,b) = °y@<a,b)+/ .
oo 1433 (p (X - 82

)
Y (a,b) = 8acy®(a,b) +6p* (1 +3\1112 (p* (E’I —bz))>
X(/b i (p* (% _52)) % (tﬁ + |?I|%t% + |l;3|lt136 +t£|b|%)d5
—00 (1 + 3\1112 (17*(% _ 52)>

)
1
L[ o(t) jab+06h)2 (528)
—00 (1 +302 (p*(sr - 52)))
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If, in the second case, (X, Y) € Z(‘j is such that

Ny < 1p*2ad + b7, b* < Ny|ptlad + b, (5.29)
then
Yia.b) =Y°@b) (140 (t7jx17)).
9Y (a,b) = 3.Y®(a,b) + O (tT‘z|96|—%+%) : (5.30)
BY (a,b) = Y, b) + O (|sx|—%+%t%z) . (5.31)

Proof of Lemma 5.4. The proof is relegated to Appendix B. O

5.4. Inverting the characteristics map

We now prove Theorem 2. Our main strategy is to renormalise the characteristics
and to invert them precisely. The below drawing sums up the transformations. In
particular, we will show that the mapping (a, b) — (X, Y) is close to the mapping
@ defined by (1.17). We will use a perturbative argument to show the inverse is close
to ®~! = (w, 6). However, this inversion is done in an unbounded zone, which
forces us to renormalise the perturbation problems when approaching infinity or
the boundary of support of ®. Hence we need precise asymptotic estimates for «
and 6. The Lemma below provides us with all the estimates that will be used to
conclude the proof of Theorem 1.

Lemma 5.5. One has the formulae for the mappings (X©, Y ©) and («, 6) defined
by (5.4):

[
9.Y°(a,b) = 6p* (1 n 3p*2@2) L
v, (p (sr@(@, 6) — 52))

(1 +3w2 (p(%@’(@, b) — &2)))3
[

dé,

1
C —
W»Y"(a,6) = 7372 12p*ﬁ/

] (p (%@)(@, 6) —_0502>>
(1 + 302 (p(sx®(a, 6) - 52)))

dgo dya) [ Y°® —3,%° (533)
It 9y ) — \—0,Y° 9,%® ) '

2db, (5.32)

9 Note that in this second subcase, for K large, from (5.11) one has necessarily |a| &~
b1%/3 > 1.
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(i) Bottom of the self similar zone. There exists ¢; # 0 fori = 1, ..., 4 such that,
as k — 0, for all (X,Y) € K such that, 0 < Y < «(X)~V/°, it holds that
6 < 0and

1 1
pe’ + 6% = 0(6%), 161~ o lal ~ oy
6 Wy (X — 62 ;
/ W) | ~ 61

- 3
(14303 - 82))
and, at the point (o, 6) = (@, 6)(X, Y),
10,XC] ~ c1]6]3, 19sX°] ~ cal6],
e} —1 e} —4
[0oY 7|~ 3|67, 106Y 7|~ calb| 3. (5.34)

(ii) Sides of the self similar zone. For k > 0 small, there exists M™*(x) with
M*(k) — oo such that, for M > M*(k), |X| = M and k|X|7V/% < Yy <
2 — k)C+|X |76 where + = sgn(X),

M 1
6] < Cw)lp*ra’ + 67, |p*2a3+ﬁ2|27, 6] ~ X2, ol ~ |25,

2 1
dua ~ X175 @L(YIXIV), dya ~ X2 @L(YIXIO),
A ~ X172 L (YIX|V6), g6 ~ X153 oL (Y IX]),
for some functions (pj'E € C*(0,2C+) where £ = sgn(X), such that
(((pi, wi), ((pi, (pi)) is volume preserving. For N, N > 0, we haveas N — 00

and N*N~! — oo that for (o, ) € R? with |p*2a> 4+ 62| = max(N, N~'62)
it holds that

YO (e, 6) ~ |AO (e, 6)[ 7S,

6 P
/ OIdE < @®a, ), (536)
o0 1 4302 (p*(fx(“)(o,, 6)-82)

\1/1 PO — 52))d5 o
/ ——| S 1X°7s,
1 + 3\1/2 (L0 — ﬁZ)))
~ ~ 1 ~
6 W (p (%o_gz) 161126
/ ( ) < |AOE . (5.37)

o0 (1 + 302 (p*(sx® — 52)))3

Proof of Lemma 5.5. All identities in Lemma 5.5 are direct consequences of the
formula for the mapping ® defined by (1.17), and of the other properties of ® listed
in Proposition 1. To avoid repetition, we do not give a proof and refer to Section 3
for the study of these functions. O
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We are now in position to end the proof of Theorem 1. The proof'is lengthy and a
bitrepetitive. The computations are however detailed for clarity. For |x —x*(1)| < ¢,
let T{x""™" be the part of the curve T'[x] = {x[¢](X,¥) = x} joining the
boundary of the upper half plane and the point (a,y¢, boy:) defined in Lemma 5.3.
We define

V(I x) = f ds (5.38)

F(Xaut’yaut) |Vx| ’
(Xp,0)

We introduce the following zones: the core, the sides, the bottom and the top of the
self-similar zone, and the zones below and above, respectively; that is,

EeolMeo, Keol

- x —x* _1
= {|x —x* £ Mmt3/2’ Keol 1/4 <y<2 (Cy:,w (3—/2> — Kco)t 3 } ,

(5.39)
FoilMyis kil = | Mt < Jx — x| S e, 0 < < St —Ki |
E E E = = |x—x*| = = |x_x*|]/6
(5.40)
_ % Kbo
zb()[l(b()aKb()] - {lx — X | é €, Kb() é y é |.X —x*|1/6 +t1/4 } 5 (541)
Fiol Mo, ko] = {Ix —x*| S €, ¥y, 1)1 — ko) Sy S y*(1,x) — Ko},
(5.42)
FpelKpol = {Ix —x*| S €, 0=y < Kpo}, (5.43)
Fap[Kiol = {Ix —x*| S €, y*(t,x) — Kip < y}. (5.44)

This corresponds to the picture

(the zones

actually overlap)

Their Lagrangian counterparts are defined as follows:
Zco[Neol = {|a| < Neos  |b] = Nco} ) (5.45)
ZalNyi, Nl = 250 [Ny <1972 +071, 87 < Nalp2a® + 871} (5.46)
Zoo[Npos Mool = | =84 S b < =Npo, Rpolp2a® +52 S 87}, (547)

ZiolMigsi0) = { =874 Sb < =Ny, Noolp2a® +07 202} (548)
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Proof of Theorem 1. We invert the characteristics, bearing in mind that the leading
order termis («, 6) as defined in (5.4). The change of variables preserving volume,

one has
dga dya\ [ Y —0pX
dxb dyb )  \—0,Y 0.,X
Once the characteristics are inverted, we use the Taylor expansion of # in Lagrangian

variables near (X¢, Yp) (adirect consequence of (5.2)), where u x below is evaluated
at (T, Xo, Yo), to get

. — 1 3 ) 3
u(t, X, Y) = u* — (—uxkp)at® + 0 <t4|b| +tlal —|—t2|a|> (5.49)
it = —(—uxk))t? (1 +o0 (T — 42l +t%|b|)) ,

W = O(t1), (5.50)
dxu = dudpY — 0pud,Y, Oyu = —3,udpX + dpud,X. (5.51)

We fix, once for all, the variables L and L, such that Lemmas 5.1, 5.2 and 5.3
hold true.
Step 1 The core of the self-similar zone. We claim that for any Mc,, k.o > 0,
for § small and then € small, the estimates (1. 28) (1 29) and (1.30) hold true for
(X,y) € Fe. Fix then (%, y) € E,, and define (% Cy) by (5.5). We want to invert
the characteristics and to find the corresponding a and b such that (x, y)a, b)
X, 9).

Let N., > 1tobe chosen later on and consider (a, b) € Z.,. We will first show
a priori estimates in Z,, that will allow us to prove that (a, I;) € Zo. This will
justify the a priori estimates and prove the claim. The zone Z, lies in the zone Z;
for § small enough, so the corresponding estimates in Lemma 5.1 apply. Moreover,
as |al, |b], |X| < 1, one obtains from (5.11), (5.20) and (5.22) that

L =a+p2a 3+b2+0(t4) :sr@(a,b)+0(t%),
and, similarly,
93X = 1+3pa 2+0<t4) —aaac0+0( )
WA =2b+ O (t%) —3%° + 0 (t%) . (5.52)
Since |X| < 1, one can use the identities (5.27) and (5.28). Injecting that |X |, |b] <

1 and that 1 + 3W? (p* (X — b?)) = (1 + |b|*/3) for b < b from (3.14) in (5.27)
gives

b db bo|p|itie - 1
by =2 ) db ) + o (t
dh /_ool+3\IJ]2(p*(%—b2))+ (/OOHH;‘ +o(th)
=°y@(a,b)+0<t%>.
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Injecting that |b], |X| < 1 and 1 4 3W? (p* (X — b?)) ~ (1 + |b|*?) in (5.28)

gives, similarly, that
v, (p* (X — b2
n-ar (i (e ) [
1

dlZ) +0 (tF)

i

bt Bl

112 4 |b|3t7
vo[ e
-0 14b

=3, Y%a,b)+ 0 (t%) .

o| Bl
2

)l

We retrieve the last partial derivative d,%Y (a, b) by incompressibility, using 9, X ~
1, (5.52) and the above identity to get

Lo yax 1t (aacg@ +0 (tﬁ)) (abac@ +0 (t%))
X 9, (1 +o0 (t117)>
=»Y° +0 (t%) .

We are now ready to invert the characteristics. We look for a solution of the form
(a,b) = (5+ hi, b+ /’lz) to (x, y)(a, b) = (x,y), where

@ = (o (29).0(5.9)) = (-0 (4.5) 0 (2.9))
As for (%, ¥) € Feo, (i’f , CQ) is in a compact zone inside the support of ®, then

(@, b) € Ze, for Ne, large enough depending on M, and «,, so that our previous
computations apply. Consider then the mapping

8:(h, h)— (% (E+h1,5+h2),‘y(5+h1,5+hz)).

»Y(a,b) =

From the estimates on the derivatives done above, it holds for |41, |h2| = O (t!/12)
that

an, B ahzal> 3, X° @, b) pX° @, E)) 1
m ol | = = o o (t1z). 5.53
<8hld2 )~ \0%°@ b ay°@.n) " (7). 653

Also, again from the computations performed above,
£(0,0) — (952,/) -0 (tf*z)

Note that, as @ and b vary in Z.,, the first term in the right hand side of (5.53)
belongs to a compact set of invertible matrices. Hence we can invert the above
equation applying the implicit function Theorem, uniformly as ¢t — T for all

(X,9) € Z: there exists (A1, hy) = O(t117) such that E(hy, hy) = (Sf,“@;)
Hence we inverted the characteristics and found that

&=a+0(t%)=—®(at,°;})+0(t%), B=E+0(tr'z).
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Using the Taylor expansion (5.49) of u and the fact that |a|, || <1,
u(t, £, 9) =u(t, X, 9) = u(t, Xo, Yo) = (wuxkn)t? (a + 0 (t1)).

so we infer from (5.6) that,
PPN
w(t, %, 9) = u* +12 <@Ml <¥ ll) o0 (tfz)> . (554
3 -1

which shows (1.28). Once the inversion is done, the estimates for the derivatives
(1.29) and (1.29) follow naturally, as from (5.50), (5.51), (5.33) and the above
estimates, to give

docu(t, £, §) = —t219,%© (1 +0 (tT'2>) + o)

1 r—x* 3 1
= 20200, (g o ) O (17) 659
A 1 ® 1 3
dyut, £, 5) = t20,% (1 + 0(t12)> +0 <t4)
1 x—x* 3 1
=12090,,,, (W, t—L1/4> + 0 (t 12) . (5.56)

Step 2 The bottom of the self-similar zone. We claim that there exists Kp,* > 0
such that for all K, = K ;; ,»and k¢, > 0, for § small and then € small, the estimates
(1.28), (1.29) and (1.30) hold true for (x, ¥) € Ep,.

We apply a similar strategy as in Step 1. However the leading order term of the
characteristics, which is still (%@, Cy(")), becomes degenerate in this zone. Hence
we first renormalise the characteristics, in order to prove that their invertibility
is uniformly possible in Fp,. Fix (X,y) € Fp, meaning L] < kset™3/2 and
ke Kpot'* < Y < keipo/ (k3 /°|T|1/641), and consider (a, b) € Zp, for Npy, Np,
to be chosen later. One has from (5.47) and from (5.11) that

a<0, |b|~al’?> 1 and |X| < |b|? (5.57)
for all Np,, ]Vbo large enough, hence (a, b) € Z;. Consequently all the compu-

tations corresponding to the zone Z; in Lemma 5.1 apply. The identities (5.12),
(5.20) and (5.22) give, when injecting the bounds (5.57),

Q= (a +p2d® + bz) +0 (tﬁlbl”%)
— %% b)+ 0 (t%|b|2+%) , (5.58)
9% = (1 +3p*2a?) (1 +0 (|b|%t%))
= 3,%%(a. b) (1 +o (|b|%t%)) , (5.59)

WX = 2b (1 +0 (|b|%t%)) = 9%, b) (1 o (|b|%t%)) . (5.60)



1408 C. CoLLorT, T.-E. GHoUL & N. MASMOUDI

We now compute Y. Since b < 0 and |X| < |b|2, (5.27) and (5.28) apply. As
|X| < |b|? and b < 0, then, for b < b, one has from (B.1) and (5.57) that

bl > 1, WH(p*(X —bH) ~ |b[** and |X| < |5

(5.61)
db +0</h —tllzgldl;>+0(ti)

143} (p* (% - 82)) o |b

— Y9(a, b) (1 +0 (t117|b|5)) .

(5.32), gives

o
Similarly, injecting (5.61) and (5.57) in the integral (5.28) to give d,%Y, and using

(5.62)
0% (. b) = 6p" (1+ 397 (p* (% - %))
[ GlCs)

bt pls - ;
o0 (1_’_3\1,12 <p*(%_b~2)))3 +0(/N |l;|% db) +0(t4)
=3.Y°@b) (1+ 0 (th1p]})).

We compute the last partial derivative d,%Y (a, b) via the incompressibility, using
(5.59), (5.60) and the above bound, and (5.34) to get

Injecting the above bound and (5.57) in the identity (5.27), and using (5.34), gives
b
y=2

wis| ol

»Y(a,b) =

(S] ®
l+8a°§/8bff _ 1+8a“y 81;5[ (1+0
D

(|b|%t%z))
9, X© (1 +o (|b|ét% )
= %@ b) (1+ 0 (t21p13)).

We can now invert the characteristics. We look for a solution of (x, y)(a, b) = (&, y)
— 2 —
of the form (a, b) = (a + h1|b|3, b(1 4+ hy)) close to

@B = (o (2.9).0 (£.9)) = (-0 (£.9).0 (£.9)).
and with a priori bound |A1], |h2| < |b|'/12t1/16, From (i) in Lemma 5.5, since
(X, 9) € Epo,

b <0,

1 — 1 —
. @l ~ o PSS =D (5.63)
t1§;3 ti),}z bo

for all kp, small enough, for some ]\7;‘0(/%0) — 00 as kp, — 0. Since “Z,A/ <

K;,O(EI)’I/6 we obtain from (5.63) that b — —oo as kp, — 0. Since vy 2 Kp, we

get from (5.63) that b > —§t=3/4if § > ij. Thus, by taking Kp, large and «p,



Singularities and unsteady separation for the inviscid 1409

small, there always exist some large Np,, Nbo and small 8 such that (@, b) € Zp,.
Consider now the mapping

96(5+h1|5|%,5(1+h2)) L »
2 (o) = Y (@+mBI B0+ ho) B

From the computations on the derivatives above, (5.34) and (5.63), we have
(ahl cf a;ual) _ (priaat@b) bl ax0@b) | |, ()
O E2 9h, E2 bl6.Y©@.b) [b|30,%° (@, b) '

From (5.34) the above matrix is bounded, and the leading order term in the right
hand side is close to a fixed invertible matrix in the whole zone under consideration.
From (5.58) and (5.62),

2(0,0) — (f'z Y|b|3 ) -0 (|E|ét%) -0 (y—%).

Therefore, one can apply the implicit function Theorem to get that there exists
(h1, ha) = O(3~"/3) such that E (h1, ha) = (wz’ Y b|3 ) (or equivalent) for the
characteristics

a=a+h b3 =a(1+0(9f%)), b =b(1+hy)) =E(1+0(y*%)),

where we used that [@| ~ |b|?/3. Hence, using the Taylor expansion (5.49) of u and
the fact that |a|* ~ |b|> > 1,

u(t, %.9) = u(t, X, V) = u(r. Xo. Yo) — (—uxk)tza(l + 0(lat'/?)),

so from (5.6) we infer that

Soxt 3 o
w(t,%.9) = u* +120,,,, (% y) 140 L (5.64)
t2 t— 2 y%

which shows (1.28). Again, the estimates for the derivatives (1.29) and (1.30) follow
from (5.50), (5.51), (5.33), (5.34) and the above estimates to end

! )) +0(t4|b| 1)

dou = QuudpY — pudY = —t%abcy@ (1 +0 <
Iyl3

1
=120y 0,0, (1 +o0 < - )) , (5.65)
1513
Lo 1 5.
= a al — 1
1 1
= 2090, [1+0—]]). (5.66)
ME
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Step 3 The sides of the self—similar zone. We claim that there exists kg;* > 0 such
that for all 0 < kg; < Kﬂ, for Mj; large enough, then for § small and then ¢ small,
the estimates (1.28), (1.29) and (1.30) hold true for (%, y) € Fy;.

Fix then (£, $) € %,; corresponding to kset=3/2 < X < —ksM,; and k6k51/6K”'
X716 < Y < kekt/O(C — k)| T171/6 on the left side, or to ksMy; < X <
kset™3/2 and kek/®kei T8 < Y < kekd/®(C — 1)1/ on the right side.
Let (a, b) € Z,; for Ng;, 1\751‘ to be fixed large later on. In Zj;, from (5.46), |a| <
(1p*%a® + b+ bH)1/3 < ]\fol/3|p*2a3 + b%|1/3, s0 one infers from (5.11) that

1
blta
%‘ — *2 3 b2 1 0 |a| | *2 3 b2 24t6
(PP + 0 (14 0| s + g gy TP+

+ |p*2 3 +b2|24t6))

2
3

1
2.3 2 N3N
=(p*a’ +b )(1+ 0 <NS‘1.NSZ.

which implies that || ~ |p*2a® + b?| provided Ny; < N2 . Hence the bounds in
this zone are

X1 2 Ny > 1, 16l S 112, lal S 1215 (5.67)
Injecting these bounds in (5.11), (5.18) and (5.19), one gets
£ = (a + 2+ b2) (1 40 (tﬁl%lé)) = %%, b) (1 Yo (t%m%)) ,
9% =1+3p*2a>+ 0 (|9C|%t%) = 3.%°+ 0 (m%t%) , (5.68)
B =2b+0(t%|sr|%) :abac@+0(t%|ac|%). (5.69)

In addition, the estimates (5.30) and (5.31) apply and the following estimates are
true for Y:

oo
N"“

Y =Y°@, b)(1+0(t%|ac|1 )) 9 2,/_8@6;/+0(
WY = BY° +0 (|sr| )

With these identities we can now invert the characteristics, and again, will renor-
malise in a suitable way the perturbation problem. We look for a solution (a, b) of
the form (a, b) = (@ + h|X['3, b + ha|X[V?) to (x, y)(@, b) = (%, §), where

@0 = (o (£:9).6(2:9)) = (0 (2.9).0(2.9))

As X, ¥ is in the zone (5.41), this produces, thanks to (ii) in Lemma 5.5 that

1 1
272,

24 L
5t

18t

I\)"_

B < Cle) | pa + 57, 1p7a@ +5°1 2 M.
Hence, for any «g; small enough, there exists Nj;, Ny large with Ng; > N 12
such that for My; large enough, if (a, b) € %,; then (@, b) € Z,;, which shows
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the validity of all the computations done so far. From the above computations one
infers that

x@b == (1+0(1k-217)), Y@bh =7 (1+0 (1t —x"%)).
Consider the mapping

_ =1 - 1
Ex(a+h1|%|3,b+h2|%|2)
1]

— 1 — — 1 — 1
2 () > Y (@+mITI5, b+ halTI7) TS

From the estimates on the derivatives done above, itholds for |1 |, |h2| = O(|%|'/13)
that

1 = 7 1 O 7

- a4 = 1 5,%9@, b)) —8,2°@,Db)
<3h1:1 3h2:1> == 2 ’ +0 <|)z|rls>,

2 082\ [T )h0, %@ B) (X3 0,%° @, B)

and the Jacobian matrix of E must preserve volume. From the computations above,

).

Note that, due to (5.35), as X — —+o0, in the zone that we consider (5.46), the
leading order matrix in the identity giving the Jacobian of 2 in the right hand
side belongs to a compact set of matrices with determinant 1. Hence, applying
the inverse function Theorem, we can invert the above equation, uniformly as

A

XL A1
E0,0) - | =, =0 (|x
(0,0) (m 7| |> (1517

o
-

A

€ — 0 in the zone that we consider: there exists (A, hp) = O(]x|2#) such that
S A —1 . o

E(hy, h) = (%, Y|X| 3). Hence we inverted the characteristics and found that

4 :5(1 o (p%ﬁs)), 13:5(1 40 (|)z|rls>>_
Hence, using the Taylor expansion (5.49) of u and the fact that |a|, b2 < |Sf|,

A A * = ula ~ 3 A1343
u(t, £, 9) = ut, X, Y) = u* — (—uxkDt?a + 0 (|b|t4 14| t2)

—(—uxk)t (& +o0 (|§C|%+%t%)) ,

and we infer from (5.6) that

u(t, %, 9) = u* +12 (@ML (

=>
=
Iw
=
*
—
| |'\<>
=
N—"
+
Q
-
>
|
— | =
[RE(
o
-
SNS—
SNS——"
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which shows (1.28). The estimates for the derivatives (1.29) an (1.30) follow from
(5.50), (5.51), (5.33), (5.34) and the above estimates to give

ogu = 0,udpY — pud, Y
1
t29,%° + 0 (t%ﬂﬂ%r%%) (1 +0 ( ) +o0 (t%m—%)
1313
1 3 2 1
= 12850, + O (ti|x|—f+ﬁ) (5.71)

doyu = —0audp% + Bpud, X = 120,20 + 0 (H1215) + 0 (ti12x13)
1 1 1,1
= 1205@,,, + O (t—1|x|f+6) (5.72)

Step 4 End of the proof of (1.28), (1.29) and (1.30). These stability estimates
concerning the self-similar zone and the bottom, are direct consequences of Step
1, 2, and 3, upon choosing first the parameter «p, and Kp,, then «5; and My;, and
finally M., and then taking § small and € small, to ensure the zones overlap and
any point (x, y) belongs to at least one zone.

Step 5 The displacement line, proof of (1.27). We invest here the properties of y*
defined by (5.38). The analogue of (B.14) adapts, namely,

®

Y (x) :kgl?! (aoultabout) (1 4o (t% n m]lfgtllfz))'
tz

By definition, as b,; = 8t™3/4,

st=3/4

: db
Gyo(aout’ bour) = /

. 1
o 1433 (p7 (X - 5)) =2 @ o (1),

as for b > §t3/4 it holds that |X| < b for ¢ small enough, so that \1112 (p* (SE

— 52>> ~ b*3 from (3.14). Therefore, from (5.4),

* 712@/* (%;‘“) & &
Vi) =kg ———— (1 +0 <t12 + |x|1s>)

1
ta
20%:,1)1 (x:x*)
- 1 t <1+0<t12+|x|18>>
ta

This shows (1.27).

Step 6 Reconnection functions: proof of (1.33). The reconnection functions f
and g are defined the following way. Fix + = T, and consider the curve I' :=
{x(T, X,Y) = x*(T)}. We split it in two parts. ['j,; is the bottom part which goes
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from the boundary of the upper half plane to (X¢, Yy), and I';,, which is the top
part from (Xg, Yo) and beyond. We change variables, using (5.3), to get
A (ki k) (X —Xo

B)  \—k3 k4 Y—-Yy )’
so that from the Taylor expansion of x (5.17), for |A|, |B| < 1,
x(T, X, Y) = x*(T) + p*2A* + B> + 0(A[* + |A|B]> + |BP),

which extends naturally to higher order derivatives. Therefore, near (X, Yp), on I
(5.73)

one has that
2 2
B3 (1+0(|B|?)).

A=— 2
3

p
Denote by (X, 0) the point of the boundary such that x (7', X§j, 0) = x*(T), by
(Xin, Yin) that for which B = —§, and by (X, Your) that for which B = §. On

[por for |B| < 1 and B < 0 we compute y using (A.1) and split to get

/ ds _1/3 dB
y = I — P
r 19x(D)) 6 J 5 dax
s (1+0(1B1%))aB
~4
B3

—om+—— [
ke3p*3 /-5

2

= o) -
ke p*3

1 1
—.
B3

This shows that y — oo as (X, Y) approaches (Xo, Yy) on I'p. Given any y = 0,
there thus exists a unique point ¢ (y) on I', between the boundary of # and (X, Yo)

such that y(X, Y) = y and we define can
FO») =u(T, ¢().

From the above expansion for y one obtains, writing ¢ (y) in (A, B) variables, that
B 1
(@(») —W as y — oo,
which, from (5.49), (5.73) and (5.6), gives,
—uxki 1 2 asy — oo
[ y R
y2 p*Z

R

ds

and the first part of (1.33) is proved. For (X, Y) € I';yp, we define
|Vx[T]|’

FX,¥) = /F o
(Xout-Yout)
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where this integral is taken with positive sign if (X, Y) is after (Aoyus, Bour) On I,
and with negative sign if it is between (A,y,¢, Boyr) and (Xo, Yp). It follows from
(5.73) that

&(Aaut, Boyr) =0, lim i(X, Y) = oo,
(X,Y)€lp, [(X,Y)]|—00
1
y~————asB— 0",
kep™3 B3

Hence (X, Y) > 7 defines a C3 diffeomorphism between I';0p and R. Given any

7 € R, there exists a unique point ¢(3) on I";0p such that $(¢(3)) = 7 and we thus
define

g = u(T, d(3)). (5.74)
From (5.49) and (5.73) one obtains

) . —uxk 1 /wz R

g(y) —u yzkgp*z V2 asy .
Denoting by X > x* the Lagrangian to Eulerian map of the Bernouilli equation
(1.2) (with 2 = uf (s, x®) and x£(0, XE) = XE) then, at time T, xE[T] is a
diffeomorphism since (u%, pf) is a globally regular solution of (1.2). From the
second equation in (1.1), we get that for y — oo, X((ﬁ(y)) — XE(T, x*(T)).
Hence g(3) — uf(x*(T)) as § — oo. This and the above equation proves the
second identity in (1.33).
Step 7 Reconnection: proof of (1.34) in Epe, (1.35) in Egp, (1.31) and (1.32)in F;,,.
For any Kp, > 0, as (¢, x) — (T, x*), the characteristics map (X, Y) — (x,y)
still defines a diffeomorphism when restricted to the preimage of y < Kj,, since
it avoids a size one zone near (Xg, Yp). Hence the convergence of u to f in Zp,
follows from a direct continuity argument. This shows the reconnection at the
bottom (1.34).

We now turn to the reconnection at the top. For any K, > 0, the zone y*—K,, <
y £ y* + K;, corresponds in Lagrangian variable to a zone which stays at a
distance 1 away from (Xp, Yp), and hence where the parametrisation of the curves
I' := {x(X,Y) = Cte} and Vx remain uniformly regular as t — T . From this fact
and the definition (5.38) of y*, as (x, t) — (T, x*), the inverse of the characteristics
map (x, y) — (X, Y) is such that

(X, Y)(x,y) = ¢y — ")

where¢~>is defined by (5.74). Hence from (5.74) one has u(¢, X, Y) — g(y—y*(x))
in this zone which proves (1.35) for y* — K;, < y < y*+ K. Fory 2 y* + Ko,
we have that X — XE(T, x*(T)) where X% is defined in Step 6, and ¥ — oo,
uniformly as K,, — oo for [x — x*| < e. Thus u(t,x,y) — uf(T,x*(T))
uniformly. This proves (1.35) for y > y* 4+ K, since g(3) — u® (T, x*(T)) for
y — o0. Hence (1.35) is proved.
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We now turn to the convergence in the top part of the self-similar zone Z;,. Let
Ko > 1 be large, and then 0 < ky,, € < 1 be small, and consider (x, y) € %,
corresponding to

5] < kset™3, ketd y* (1, x)(1 — k1) £ Y < kets (y*(x) — Ki).  (5.75)

Define b as follows
E:M(1+ ISACI%).

Here, M >> 1 will be chosen later on. One has for € small enough depending on
§ that |b| > |§)C|1/ 2 'We now look for the solution @ to X (@, b) = . In the zone
a < Owith |a| &~ |b|*/? oneisin Z; and therefore from (5.20) one has 8, ~ |b|*/3.
Hence, as |X| < |b|? this condition on the derivative via the intermediate value
Theorem implies that there exists @ < 0 with |a| & |b|*/ such that X (@, b) =
From Lemma 5.3, the curve I'[x], before leaving Z{ by the point (aur, bou:). is in
Z1 where it can be parametrised with the variable 5 asda = a(X, 15). Either in case
(1) of Lemma 5.3 it always stayed in Z1, or in case (ii) before that stage the curve
was in Zj.

As (@, b) belongs to Zj, this means that in any case, one can parametrise with
the variable b the last part of I' before exiting Z¢, as a curve @ = a(X, b) for
b < b < 8134 For (a, b) along this curve it holds, by definition of y* (5.38), that

8 ~
5 B db
L(a,b) =T, Ya,b) = kets y* () _/.3/4 —_—
b 0, X@X,b),b)

As this curve lies in Z; from (5.20), and from the inequality |S%| &« |b| forb <
b < 8t73/4,

5 ~
Gy(a,b)zka%y*()e)_/‘m b (1+0(|
v+ 30 (pd - )

An expansion at infinity of W gives that

=
o=
I\-)"_

N—

N—

I~ 1 A~
1 ~ 1 t12|p|9 SLIb—2
— (1+0(|b|'t%))= ! ~4+0( LAl )
1+3w7 (p*(zac_bz)) 3353 % e
so that
1y N k6 1,1 L _7_2
Y(a,b) = ket?y™(t,X) — T (|b| I+t t12 + |b| "3 |%|)
p 3b3

We write Y = ket'/4y*(r, £) — A%Y, and from (5.75) and (1.27),

k6t4K<A°y <
1+|%|6
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Solving Y (a, b) = Y then amounts to solving

——— + 0 (b3t 4 b5 = —aY.
p*3b

I =
W=

For b = 8t73/4 one has b=1/3 > tl/45=1/3 » t%Km for § small enough, and
forb = bonehas b " = M7V 4+ 11701 > ko (1 + |2[V/6) ! for M
large enough. Hence, there exists indeed a solution (a, b) to the above equation
by the intermediate value Theorem, and bootstrapping information from the above
equation and using that || ~ |b|* one obtains

b= ! 5 (1 +0 (%)) : (5.76)
P2k (yx(t,%) — )"t OV (x) = )3

Bootstrapping information from the equation (5.12) gives, finally that

(1+0(|%| t12|b|9 ))
( (m—y*(r,xn 1 ))
—— + -1).
k2 *2(y*<r ) — P2z Y, X) (G — y*(t, 2)*

Hence, from (5.49) and (5.6),

2 ~ %
A A 1% — 1
ut, 2,9 — w0 = — I (10 (B -

The estimates for the derivative proved in Lemma 5.4 adapt, namely at the point
(a, b), such that (x, y)(a, b) = (x, y), using (5.76)

w

2
3

Wi
I\)‘_

*

_p3p

Q>
I

.
3, = 143972+ 00h1ith = 0,20 + 0 (=),
0" =t
* _ oy—1
X =26+ 0t b1h) = 0,20 + o [ =) .
O* = 9ts
%Y =090+ OCRBIh = 0,9 + 0 (07 - 57 i),

e _7 1.1 e a4 1
0% = 0,9+ 0 (11 + I TIF15I5t7) = 0,9 + 0 (" = ' H),
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so that, from (5.50), (5.51), (5.33), (5.34), (iii) in Proposition 1 and the above
estimates, we have
qu = 0,udpY — pud, Y
1 a q ©
= —t2Q2pY*(X°) + Y (X®) — Y ®))
3.3, w1 % a_3_l
+0 (Bt + 18 — 27|78y = 51773)
= —t24b3 Y* + O H]y — [
3.3 ~ K= L% ~=3-1
+0 (Bt 415 — x| 781y = 51773),

1 5
Dyt = —0audp % + DpudeL = —— o=V )
ta 2k (y* — ) O* =9t

which, using (5.6), completes the proof of (1.32). O
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A. Parametrisation and volume preservation

Lemma A.1. Let Q@ C R? be open, and = (f1, f») € CH(2, R?) be such that
V f1 # 0 on 2, and that for each q in the range of f1, the level set I'[q] = {z €
Q, fi1(z) = q} is diffeomorphic to R. Then

(i) Let y : © — Q be a diffeomorphism between an open set © C R? and L,
such that for each q € R, y(q, ) is an arclength parametrisation of I'[q]. Then
f preserves volume if and only if for all q in the range of f1, and any two
z=vy(q,s)and 7 = y(q,s’) it holds that

|£2(2) = ()] =

s' ds
/ S — (A.1)
: IVfl(V(q,s))l‘

(i) If 0, f1 = 0on 2, letZ1 : © — Q be the only diffeomorphism between an open
set O C R? and Q, such that for each q € R, Z1(q, -) is the parametrisation
of T'q] by the second component, i.e. T'[q] = {(z1(q, 22), 22), (q,7Z2) € O},
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then f preserves volume if and only if, for all q in the range of f1, and any two
7= (21(g, 22), 22) and 7' = (21(q, 25), 75),

le dZ~2
/ = — . (A.2)
22 3z.f1(21(q,zz),12)

|£2(2) = ()] =

Proof. Proof of (i). We denote by y~! = (¢q,s5) : @ — O the inverse of y,
and note that ¢ = f]. At a point z € €2, considering the orthonormal vec-
tors v1 = Vf1(2)|Vfi(2)|7" and vy = VX f1(2)|V f1(z)| ™! where (e, e2)* =
(—e2, e1) we get the identities Vg.v; = |V f1(2)|, Vg.va = 0 and Vs.vp = 1.
This implies |Det (Jy_l) | = |V f1(z)|. Consider now the mapping ¢ : (g, s) —

(q., f>(y(q, s)). Since g_;qq = 0and g—gls = 1 we have [Det (J¢) | = '%m" Since

f = ¢poy~!, we get from the two previous computations that f preserves volume,
that is, |DetJ f| = 1, if and only if

afa 1

o Iq| IVA@I
This is equivalent to (i) upon integrating, and noticing that these quantities cannot
change sign.
Proof of (ii). From the assumptions on f, there always exists a parametrisation by
arclength of the level sets y : 6 — Q satisfying the properties of (i). We change
variables Z; oy : (g, 5) > (¢, Z2). Differentiating the identity f1(Z1(q, Z2), Z2) =
g we find 3%1 = —0,, f1/9., f1. Hence

lq

2\ fre(mry
072 lg 9z, N 10z, f1l

Changing variables s — Z» in (A.1), then yields that f preserves volume if and
only if (A.2) holds true. O

B. Computing the normal component of the characteristics

proof of Lemma 5.4. At several moments in the proof, we will use the following:
the function ¥ enjoys

XoyW¥(X 1
XxMO L 1 g 001 < x4,
U, (X) c

VIX + X) = w0 + 0 (1X'1F) (B.1)

uniformly for X, X’ € R. From the first bound above, given a small quantity O (|z|)
that has size |z|, as an application of the implicit function theorem, it is true that

Y (X(14+0(zD) =¥ (X) (1 + 0(z]), (B.2)
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where the “new” O(|z]) in the right hand side enjoys the same differentiability
properties and similar bounds, as the one in the left hand side. To rearrange the
O()’s in what follows, we shall simplify O(|z1|) + O(|z2]) = O(|z2|) in zones
where |z1| < |z2], and O(|z]%) = O(|z|?) if 0 < B < « as all quantities in the
O()’s will be small.

To compute the vertical component, we will use the following result. Assume that
(a,b) and (¢, b") belong to the same level set curve I'[x] = {x(d, b) = x}. Assume
that, when ordering points on I" with their distance to the boundary, (a’, b’) is after

(a, b), and that either b < b’ or a < a’. Assume moreover that FEZ ;;; ), the part

of I betwe~en (a, b) a£1d (a’, b'), can be either parame}risesi with the variable b as
a=a(X,b)forb < b < b orwith the variable @ as b = b(X,a) fora < a < d'.
Then by applying Lemma A.1 and (5.5) one obtains the following identities:

ds 1 (¥ db ds 1 9 db
' b _=_l oy OF //_=_1 (BS)
PO VXl gts Jp o 102X P IVl gts Ja 106

Step 1 The normal component for left part of the sides, the core, and the bottom,
of the self-similar zone. We first derive rough estimates that will be used in the
next steps. Fix (X,Y) € Z{ such that either —e < x(a,b) — x* = K1/2, or,
Kt3/2 < x —x* < eand b < 0 and N2|X| < |b|2. Note that in the second case,
from (5.11), one has necessarily |a| & |b|2/3 > 1.LetI" denote the part of the curve
I"[x] which joins the boundary of the upper half plane and (X, Y). We decompose
it in two parts:

1 ds ds
I :=INZy Ih=InZE, =k6t4</ +f ) (B.4)
o Y ST ST

The integral in Zy is at distance one to (Xo, Yp), and everything then remains

regular:
ds ds 3
/r. Ty =0, </r1 |Vx|> -0 (tz). (B.5)

In Z§, from Lemma 5.3 the curve I'[x] lies in Z1, so it can be parametrised with
the variable b. Also, from (B.3), (5.20) and, as |b|t>/* « 1 for —8t=3/4 < b < b,

o ds b di b 1+0(t%+|5|%t%+|9c|%t%) )
kétZ/ f :/ db
I — _

N 2T S S T4 3W(pH(X — b))
t 4 t 4
b 1+0(t%+|5lit%+l%lét%) N -~ db
:/ 5 = db+ O / 4 oy
S 1+ 3W{ (p* (X — b?)) -0 |b|3

/b 1+ 0 (1 + [l ths + || ot
s 14302 (p*(X — b?))
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where we used the fact that || < et_3/3, and that forb < —st=3/4 b2 > L if e
is small enough, implying \y%(p*(% — b?)) ~ |b|*/3. Hence, injecting (B.5) and
(B.6) in (B.4),

b 1+0<t37+|5|%t%+|%|%t%) ) ,
Y(a, b) =f _ db+ 0 (tz). (B.7)
—00 1+ 3W2(p*(X — b?))

We now study the derivative of % . As X (a, b) = X isinverted througha = a(X, b)
one has

9 . 1 9 1

— (aex,p))z——, — [—M
89C|5(a( )) 3. X (@, b, b) 89615<aa96(&(96,b),b))
92a X (@(X, b), b)

(3L (@(X, b), b))>

One deduces from (B.3), (5.20), (5.21) that

d < l/ ds ) 3 /b db
— | ket = — I
X |b ry Vx| 0L b \J—py 9L @, b, b)

__/” daa® (@, b)db
- (39X (@, b))}

_
e
o[ " )
o (1+3\y2 (p (& — 152)))3
(1 +o ( t 4 |6t + [B]3 t4))d15
+/b 0 (t%) db
“ (14393 (p *(96—52)))3 ‘

Note that in the integrals above, for b < —8t=3/4 there holds W (p*(X — b?)) >
b*/3. Hence, integrating from infinity instead of —8t=3/ produces an error which
is O(t"/*) and

K} ! ds _6p* b ( (% b2)>
asxb( /mw) /<1+3\112<p( »))

(1 +o (tlz + |6t + B3t %))dl?

b o(tﬁ) ) ,
+/_OO (1+3xy2 b 3db+0(t4)

i (p*(if - b2)))
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Therefore, injecting (5.20), (B.5) and the above identity in (B.4), we get

e = it (o it o G I i)
—8Sx<6 */b Wl(p*(%—l?))
o S (1 + 397 <p*(§r _ [;2)))3
14 0 (7 + | X|5tF + |B|3tTs)) db
(1 0 (1 + xiiet + e
1
+/-b O(tlz) - 3d5+0<tz>>
I (1 + 39?2 (p*(gx _ bz)))
o (2291 (=)
el
</ - 5db + O(t#)
0 (1 + 397 (p*(gx _ b2)>)
[ i)

o0 (1 + 302 (p*(ac _ 152)))3

1

1 1 1 ~ 3 1 1 ~
(1 +0 (tﬁ (X5t + |B|itTs +t4|b|3))db>. (B.8)

The estimates (5.27) and (5.28), and (1.17), prove (5.27) and (5.28) for the first
case.

Step 2 The normal component for the sides of the self-similar zone. We now
prove the estimates (5.30) and (5.31) in the second case described by (5.29). The
parametrisation of the curve I'[x] has to be done more carefully. In the case of the
left side, i.e. x < 0, we are in the case considered in Step 1, which has already been
covered. In the case of the right side, i.e. x > 0, we are in case (ii) of Lemma 5.3,
and then inside Z§, the curve I" can be decomposed in five curves, I'; fori =1, ..., 5
that enjoy the properties described there. We use different variables to parametrise
the curves I';, applying Lemma 5.3. On I'; we use the variable I;, onI' a,onIs
b, on T'4 @ and on T's b. Without loss of generality for the argument, we assume
that (a, Z) is located on I';. Indeed, treating the case of three or more different
parametrisation can be done the very same way. We consider a point (a, b) close
to (a, b), which still belongs to I'y (up to changing slightly the constants in the
definition of Z; and Z;). We denote by I'y the part of the curve outside Z(‘)'. Hence,

from (B.3),
9y kt%/ ds +/b1 db +/a da (B.9)
== 6 _’ .
ro Vx| _3 0,X a opX

13/4
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where we recall that (ap, b1) is the endpoint of I'; and the starting point of 'y,
defined in Lemma 5.3. The integral over I'p is at distance one to (X, Yp) and
hence, in a zone where everything remains regular,

ds ds 3
= 0(1), o — | =0(t2). B.10
/ro vap — 00 (/FO |Vx|> () (B.10)

We now consider the second integral, corresponding to the part I'j of the curve
joining the points (a;,, —58t73/* and (ay, by). Since this part is in Z1, one obtains
from (5.20), injecting (5.67), that

bi db b db
/_L 3L /_7 1+ 3W2(p*(X — b2))

B/ B

(1+0(tﬁ|5t|ﬁ +t37|5|%)) (B.11)
We turn to the third integral, corresponding to the part I'» of the curve joining the
points (ay, b1) and (a, b). There, since this part is in Z,, one obtains from (5.23)
that

f B = / z/sx_d—_pzs (1+0(liitt)).

In Z», one has from (5.10) that |a| < |b|*/ and |b| > 1, so that from (5.11) one

has
X ~1b*> > |a]® and /X —a — p*2a3 ~X1/? (B.12)

uniformly for @ in Z,, as well as |a;|, |a| < X!/3. Using these bounds, one infers
from the above identity that

a a
/.Elz +0 W ”ﬂﬁﬁ
aj absx ap 2\/ —a— *2613
_ da (|f’f| 1+1t%>.
a 2./ *2 3

—a—p
Also, from the identity (5.15), using the above bound (B.12),

1 1
a+—V (p* (ac —b2)) +la + —W; (p* (% —b2))‘ < |3t
p* p*

/—p‘*‘l’l(ﬁ*(?r—bz)) da
a X —a— p*2a’

la+ 2w (p *(sx—bz))! 1
Bak

/—J* 1 (P (0—4b}) da
a *—a—p2a

< |§1‘|*6+18t12, (B.13)

<

|2
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Therefore
@ dq ) ;
/ da _ <|fx| TSt %)
a BL S Lw (pr(a-an})) 2yX —a — *2a3
We now change variables in the above integral, taking b = —/X — a — p*2a3.

The left and right endpoints of the integral are precisely b1 and b, and this produces

l - 1 3 *2~2
i=—-—Wv (p*(ac—bz)), db = +op
p

1
i w
¢ da b db s
/al %_%:/bl l+3\1112 (p* (%_52>) <|5)f| 6t 2).

We inject the identities (B.10), (B.11) and the above identity in the expression (B.9),
giving the following expression for Y :

)

on"—

db (1 +0 (m%t% b |§t%>)

5 1439 (r* (2 -5))

=%°(,b) (1+ 0 (t12x]75) ). (B.14)

Y =

Here we used (5.36). This shows the first desired bound in (5.30). We now consider
the derivatives of Y. The point (aj, b1) changes as X changes, but the identity
X (ai, b1) = X (a, b) ensures that

Oy aidzX (a1, by) + dxb19pX(ar, by) = 1. (B.15)

Hence, differentiating the sum of the two leading order integrals in (B.9) one obtains

(] e )
e\ vxl T 1]

s /b1<a~b) db N /a da
O\ WX@@. 56 Jaes %A@ b, @)

= 0,X (a, b)
by 1 - a 1
(" (Y [ ()
~on 92X (a(X, D), b) ap X (a, b(X,a))
n dy by dyay ) 1
9z X (a1, br) ~ WpX(ai, b1) dpX(a,b)
= 0,X (a, b)

(/bl —02a X @(X, b), b)db / wpX (@, b(X, a))da

—on (aasx(a(%, b), 13))3 (ab%(a, b, a))>3
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1
+
X (ay, b1)dpX (ay, bl))

1
T (B.16)

The first integral is located in Z; with |a| > 1, hence from (5.20) and (5.21),

o =X (G0, B)
/6 ——db
“iin (8, (acx, b),5))

(B.17)

& —i?)) (1+0 (thjx +t117|15|5))d5

b W (P* (
- 6p*/ \ - 3

()
The second integral is located in Z;, hence from (5.23) and (5.24),
/a o (a@, b, a))3d& 1 / 1+ 0 (|%|éti)3 "

“ (3 (a5, @) la (1 —a - prad)
From (B.12), (B.13),
/a o (a, b, Zz)) .
a

! (a,,sx (a, B(sr,zz)))3

1 (pr(a-%)) da EARE
= _Z/ ' 5 3 + 0 |a - Cl1| 3
= (P (X=40)) (% — a — p*2ad)? 112

o+ Ly (p* (X = 87))| + |ar + =0 (p* (2 — 48)))|
)3

St @-p) i
:—%/ P da %+0(|%|*%+ﬁt%),

+0

Y1 (p(X—401)) (X — a — p*2a3)?
We now change variables, taking bh=—-JX —a-— p*2a3. Note that this change
of variables ensures X© (@, b) = a + p*?a> + b*> = Cte = X, and

1 1 ppXL®

4 (X —a- p*253)% (@O

There holds in this case a general formula when integrating on the curve {X (a, b) =
Cte}, obtained by performing a change of variables and an integration by parts (note
the signs 9;X® > 0 and 8,X® < 0 in the present case):

/(12 Bbbf‘r@ d [b2 8bb%®db
a b

—_—da = — e —
 (3pX©)3 . (@p%©)29,%©
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br /g A ® db
=— — 3, x® paX® ) ———=
/ (db bty e Y ) (9,X©)23,2O

by 6 by 8ab5x®
= —f A )mdb—/ 565 O
» db (0pX®)20,X by X (9, X®)

/b2 d apx® ! d
= — JR— N a
b, db \ ™" (3,29)20,%0

b2 o d 1
BL®—(— )b
+ /b] T ((abam)Zaaac@)

/bz 0ap XL Odb

b, 0pX©(0,X9)?

_ 1 N 1

T 3,XO(az, b2)3pAO(az, by) 3, XO(ar, b)ApA O (ar, by)

by 9pA® 1
-2 94X — 2= _ 5., x®) ——__db
/bl ( v 9,20 " ) (0,29)29,2©

by 9, ® 1
— 9,0 — 2= 35 ) ———_db
/bl ( “ 9,20 ) pAO (3,29)2

/bz 8ang(~)

b 0pX©(0,X©)?

. 1 n 1

T 3, X%(az, b)) X O (az, ba)  3,X® (a1, b)dpA O (ar, by)

a) 3bbEX:® by aaa%G)
) / PP da + / Jaa__qp,
a (BpX©)3 b (3,X9)3

from which one deduces the change of parametrisation identity

fﬂz X © 1 1
da: —
a (pX9)3 02X O (a2, b2) AP (az, br)  3,XO(ar, b1)pA O (ar, by)

by P %‘G)
_/ L@”db.
by (0aX®)

Applied to our case, this produces, noticing that the endpoint, are (aj, b;) and
(a, D),

1 [ (p(X-0%)) 1 .
_Z/;L\p *(f —4h2 ~ ~ ida
o7 V1 (P (X—461)) (X — G — p*2ad)?
B 1 B 1 _/b 92X
0, X%(a, b)dpAO(a.b)  0,XO (a1, b)HpAO (a1, b1) Sy, (3.X°)3
1 1

(1+3p*2a2)2b (1 +3p*2a?)2b,
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+6p* Y (p*(%_];z)) db.
hfom e e-sy

Note that, since (aj, b1) belong to both Z; and Z,, from (B.12), (5.23) and (5.20),

1 1+ 0 (| 16th)
3 X (a1, b)0pX (a1.b1) (14 3p*2a}) 2by
1
o (i),
(1+3p*2af)2b

so that

/a o (a.b@.0) 1 1

da = —
~ 3 2,2
ai (ab% (&’ h(X, a))) (1+3p*a*)2b  9,X (a1, b1)dpX (a1, b1)

o [
()
+0 (|8t ).

From the above identity and (B.17) one concludes that

/bl 30X (a(%,E),ISZdBJr/a X (a,é(%,a))3d&

~ o (aaac (d(sx,z?),ﬁ)) a (absx (a,z}(at,zz)))

1
T 9 (@, b (ar, br)

Lo B (o b+
e

o <|3j| 6+ T8 tT %)

1
+ (14 3p*2a2)2b +

From (5.37), andusingthefactthatforl; < —8t3/4, one has Wy (p* (% — 52)) | ~
|b|?/3, and

o W (pr (x = 8)) (1 0 (thiarr +ehiBE )
/‘3% (1+3\1112 <p* (g _52)))3

_ [ \111( *(95—152)) ~db+ 0 (J2 st mte ).
L m sy
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Therefore

b —0paX (5(1,15),15) o (5,15(96,51))
f,; — 3db+/ - <da
~ g (aaex (a(%,b),b» a (81,% (a,b(sx,a)))
1
T e @1, b T (@r. b

o)
(143w (e (2 -2))) (THITa

7411
10 <|%| 6+18t12> (B.18)

Since (a, b) is in Z3, from (B.12), (5.23) and (5.20),

9 (a, b) 1 _lynt
= o (jx;~2+st7) .
(1 3p2a02b — aX@b) (' | )

Injecting the two identities above, (B.17) and [9,X| < |X |2/ 3 in the identity (B.16)

gives
([ e )
6
¢ I |V.X| Iy |vx|

P /b U, (p* (?)C — 1;2>) db

(143w} (pr (2 - 152)))3

+0 (m*%*%t%)

From this identity, (B.9), (B.10) and (5.68), we have proved that
8% = 8,Y° + 0 (12X el ),
which is the second identity in (5.30) that we had to show. We now turn to the partial

derivative with respect to . From (B.9) and (B.15), and then injecting (B.18), (5.68),
(5.69) and (5.67),

(] | )
P\ 1vxl T U, Vx|

bi(a.b) ab a da
B aa%(a(%vb)sb) ay(a,b) ab%((l, b(%va))

—pA

= 3% (a, b)
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b 8,aX@(X, b), b)db @ X (@, b(X, a))da
/_L ~ o ) / o~ . \3
o (aasx(a(%,b),b)) a (absx(a,b(%,a)))

1
+
9,X (a1, b1)dpX (ay, bl))
= 3% (a, b)

)
f 3db+ *2 42
= (14307 (4 (x - 2))) (1 +3p~2a)2b
+0 (Jx| 75+ )

tl‘*z),

==

= 3Y°+0 (|9C|—%+1

which was the last estimate (5.31) we had to show. We claim that the computa-
tions we performed for this right side of the self-similar zone can be adapted in a
straightforward way in the case where one has to consider more parts of the curve
I" inside Z{ to parametrise; the integral over I'3, I'4 and I's can be treated the very
same way, leading to the same result. O

11.
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